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Abstract 
Bean yellow mosaic virus (BYMV) is a serious pathogen of cultivated Lupinus 
species in Western Australia and elsewhere, causing significant crop losses. 
Natural resistance genes to BYMV have not been found in lupin germplasm. 
The main aim of this study was to design and construct binary plasmids that 
could be used to develop pathogen-derived resistance to BYMV in host plants, 
including lupins. A cDNA fragment corresponding to part of the 6kDa protein 
gene, the Nia gene, the Nib gene, the coat protein gene, and the 3' untranslated 
region of a Western Australian isolate, BYMV-MI, was isolated by high fidelity 
polymerase chain reaction (PCR) and cloned to yield plasmid pDAMl. A 
fragment of cDNA corresponding to part of the 6kDa protein gene, the entire 
Nia gene, and the 5' end of the Nib gene of B YMV, was sequenced and 
determined to be 1446 nucleotides in length. The nucleotide sequence of the 
coat protein gene was also determined and found to be 819 nucleotides in 
length. A comparison of the deduced amino acid sequence of the Nia gene of 
BYMV-MI with that of other BYMV isolates from Australia, Japan and 
Denmark showed 93.1 % to 97 .9% homology. 
A novel binary vector, pPZBexp, was developed to facilitate cloning of 
potyviral gene sequences for expression in plants. Plasmid pPZBexp contains a 
35S-bar-ocs3' cassette for Basta herbicide selection of transformants, and a 
35S-CMV5'-CaMV3' expression cassette with a Ncol cloning site between the 
CMV5' and CaMV3' untranslated regions for insertion of virus resistance 
sequences. Nia gene sequences were modified to have an in-frame initiation 
codon for translation. Fourteen binary vectors, containing different 
configurations of the Nia gene, were produced. These include the full-length 
Nia gene, each of the two domains of the Nia gene (VPg and protease), 
untranslatable forms of the full-length gene and the domains, and antisense 
orientations of these constructs. A further two binary vectors, one containing a 
point mutation in an active site of the protease domain, and another containing 
11 
----�--=- - ---�--- :__:--- ---:----
-- -] _  -;_-_-_--
-
-- -
a frame-shift mutation at the 5' end of the Nia gene, are in the process of 
construction. Twelve of these plasmids are based on pPZBexp, and two are 
based on the binary vector, pTAB 10. These vectors were used to transform 
Agrobacterium tumefaciens strains AGL0, AGLl and LBA4404 by 
electroporation. 
Trifolium subterraneum hypocotyls, and stem and leaf pieces of Nicotiana 
benthamiana, were cocultivated with Agrobacterium tumefaciens containing 
one of six of these binary vectors. Following selection on medium containing 
Basta, fifty nine T. subterraneum explants_ and sixteen N. benthamiana 
explants containing full-length Nia gene constructs in sense and antisense 
orientations, or control sequences lacking virus resistance genes, were 
transferred to a genetic manipulation glasshouse. Fourteen T. subterraneum 
plants and seven N. benthamiana lines containing a full-length, translatable Nia 
gene sequence were analysed for the presence of transgenes. Four 
T. subterraneum plant lines, Ts20.3, Ts20.10, T320.13 and Ts20.14, were shown
to contain the Nia and bar genes by PCR and Southern analysis. Cuttings 
taken from two of these lines, Ts20.3 and Ts20.10, were challenged with 
BYMV. Symptoms were apparent on control plants 10-14 days post­
inoculation but three of the transgenic plants, Ts20.3C, Ts20.3E and Ts20.1 0C, 
remained free of BYMV disease symptoms after three virus inoculations. 
BYMV could not be detected by ELISA after 31 days in plants Ts20.3C and 
Ts20.3E, and only in mature leaves of Ts20.10C. However, leaves of transgenic 
T. subterraneum plants were not resistant to an application of l00mg/1
phosphinothricin (PPT) (the active ingredient of Basta), and they did not 
express the PAT product of the bar gene despite containing the gene. All of 
seven N. benthamiana lines tested were shown to be transgenic by PCR, and a 
PAT assay showed they also expressed the bar gene product. All transgenic 
N. benthamiana lines tested were tolerant of leaf applications of 1 00mg/1 PPT,
and some plants were tolerant of concentrations of l000mg/1 PPT. Virus 
resistance testing of these plants is in progress. 
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The results of virus testing of T. subterraneum plants indicate that the binary 
vectors developed here can confer resistance to BYMV. As a result, several of 
these binary vectors are now being utilised in lupin transformation programs in 
the State Agricultural Biotechnology Centre, Murdoch University, and the 
Centre for Legumes in Mediterranean Agriculture (CLIMA), University of 
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Chapter 1. Introduction and Literature Review 
1.1 Origin and classification of viruses 
1.1.1 Introduction 
Viruses are organisms "on the edge of life" (Rybicki, 1990). Matthews (1991) 
described them as consisting of a "set of one or more nucleic acid template 
molecules, normally encased in a protective coat". They are completely 
dependent on a suitable host cell for conditions necessary for reproduction. 
Despite their apparent simplicity, viruses are a large and diverse group, 
consisting of 73 recognised families which infect bacteria, fungi, algae, plants, 
invertebrates, and vertebrates. Their genomes may be based on ribonucleic acid 
(RNA) or deoxyribonucleic acid (DNA) which may be single-stranded (ss) or 
double-stranded (ds), positive sense or negative sense. Genome sizes range 
over almost three orders of magnitude (Shukla et al., 1994). 
Viruses can be difficult to classify. Some groups, especially those with no 
genomic 'proof reading' ability, are constantly mutating. Populations of some 
viruses such as human immunodeficiency virus (HIV) are so heterogeneous that 
they have been described as "a loose assemblage of related organisms" 
(Anderson, 1996). As a result of virus diversity, the evolution and taxonomy of 
viruses is a widely debated topic. There are three main theories regarding viral 
origins (Strauss et al., 1990; Matthews, 1991). 
These are:-
(i) that they evolved from plasmids and transposons after acquiring genes
which encode packaging proteins. There are parallels between certain 
bacteriophages and bacterial plasmids. Like plasmids, phages contain dsDNA 
and are self-replicating. Some plasmids and phages can exist either as integrates 
in the host genome, or autonomously. The coat proteins (CP) of phages appear 
to be related to bacterial pilin and flagellin proteins (Ulhin et al., 1985; Parge et
al., 1987). The RNA viruses that express reverse transcriptase in order to 
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produce cDNA copies of themselves show parallels with retrotransposons of 
yeast (Kingsman et al., 1990) and with the hypovirulence element of the 
chestnut blight fungus Cryphonectria parasitica (Koonin et al., 1991). 
(ii) that they arose from the evolution of primitive bacteria in a manner
similar to cellular organelles such as chloroplasts and mitochondria (Strauss et 
al., 1990). 
(iii) that viruses evolved from the RNA polymers from which more complex
organic forms arose (Strauss et al., 1990; Matthews, 1991). This suggests that 
the earliest cells may have been parasitised by viruses (Shukla et al., 1994). 
There has been considerable reluctance to assign taxa to viruses above the level 
of family. One reason for this is that viruses appear to have arisen from different 
evolutionary pathways (Rybicki, 1990), as is reflected by their diverse genomic 
structures. A possible solution is to place viruses together in a kingdom, and 
divide them into phyla (Ward, 1993). 
1.1.2 Classification of RNA plant viruses 
One problem with classification of RNA viruses is the extensive genomic 
recombination that is evident between apparently diverse viral groups. 
Comparisons of different genes produces different evolutionary trees (Rybicki, 
1990; Goldbach, 1992). Rybicki (1990) proposed that only the genes 
associated with replication of the viral genome be considered in establishing 
phylogenetic trees for viruses. These genes constitute the core of the 
replication strategy and have probably been more highly conserved than other 
genes. Because of the polyphyletic character of viruses, genes other than the 
replication module may have been acquired from diverse sources to ensure 
survival in a particular environment. Phylogenetic studies based on the RNA­
dependent RNA polymerases have divided the positive strand RNA viruses 
into five supergroups (Koonin et al., 1991; Dolja and Carrington, 1992; Koonin, 
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1993). One of these supergroups, the Picorna-like viruses, contains five plant 






This study concerns a member of the Potyviridae, so this family is described in 
more detail. 
1.1.3 The Potyviridae 
The family Potyviridae is the largest and economically the most important of the 
4 7 families of plant viruses recognised by the Sixth International Committee on 
Taxonomy of Viruses (ICTV). The Potyviridae contains three genera, the 
Potyviruses, the Rymoviruses, and the Bymoviruses. In addition, two other 
genera, namely the Ipomoviruses and Macluraviruses are recognised as possible 
members (Shukla et al., 1994) (Fig 1.1). 
Supergroup Picorna-like Plant Viruses 
Family 
Sobemoviridae Ortholuteoviridae 
Comoviridae Potyviridae Sequiviridae 
Genus 







barley yellow sweet potato maclura 
mosaic virus mild mottle . mosaic virus 
virus 
Fig 1.1. Taxonomy of the Picorna-like Plant Virus supergroup. The lighter lines 
represent proposed members of the taxa. Based on information presented in Shukla 
(1994). 
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Members of the Potyviridae, like most plant viruses, have a single-stranded, 
positive-sense RNA genome. The majority have monopartite virions, ie only 
one type of particle, with the exception of the genus Bymovirus which is 
bipartite. The virions are flexuous rods, 680-900 nanometres (nm) long in the 
monopartites, and 500-600 nm and 200-300 nm long in the case of the 
Bymoviruses, and are not enveloped. They are 12-15 nm in diameter and 
possess helical symmetry. The helix has a pitch of 3.4 nm. The genomes range 
in size from 8.5-10 kilobases (kb), and have a 5'-terminal genome-linked protein 
(VPg) and a 3' poly(A) tract. One open reading frame (ORF) is translated into a 
large polyprotein which is subsequently cleaved by three virus-encoded 
proteases into eight or more smaller proteins or peptides (Riechmann et al., 
1992). Two of these, the CP and the VPg, are present in virus particles. The 
others have been found in infected host plants (Dougherty and Carrington, 
1988; Rodriguez-Cerezo and Shaw, 1991). All members of the Potyviridae rely 
on vectors for transmission to new hosts. Potyviruses and the Macluraviruses 
are aphid transmitted, the Rymoviruses are mite transmitted, the Bymoviruses 
are fungus transmitted, and the Ipomoviruses are whitefly transmitted. 
1.1.4 Potyviruses 
The Potyvirus genus is the largest in the family and contains over 30% of all 
known plant viruses- ( over 200 members) (Barnett, 1992). Potyviruses are a 
major cause of viral disease in pasture, agriculture, and horticulture (Shukla et 
al., 1991a). All potyviruses induce 'pinwheel' cylindrical cytoplasmic inclusions 
in host plants (Edwardson, 1974; Edwardson, 1992). This is seen as the single 
most important phenotypic determinant (Shukla et al., 1994 ). Particle 
morphology is also an important determining trait, but other virus groups also 
have filamentous rod-shaped particles, eg Closteroviruses and Carlaviruses 
(Shukla et al., 1994). 
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Monoclonal and polyclonal antibodies have been developed which appear to 
be potyvirus-specific (Shukla et al., 1989a; Shukla et al., 1989c; Shukla and 
Ward, 1989). They target conserved epitopes on the CP and may be useful in 
determining whether an unknown virus is a potyvirus. The CP of potyviruses 
shows no significant sequence homology with the CP of other virus groups 
(Shukla et al., 1994 ). Therefore, determining the nucleotide sequence of the CP 
is an important step in classifying a new virus as a potyvirus. 
Classification of the potyviruses has always been difficult because of the large 
size of the group, the considerable variation among the members, and a lack of 
suitable taxonomic criteria to differentiate between and within species (Francki, 
1983). Many of the early classifications relied on conventional approaches 
such as host range and symptom indexing. These approaches are still valuable 
in virus research, but they have caused some confusion with regard to the 
taxonomy of potyviruses (Shukla et al., 1994 ). For example, different 
potyviruses often cause similar symptoms in the same host plant (Bos, 1970b ). 
On the other hand, different strains of the same potyvirus can exhibit 
considerable variation in host range and symptomology (McKern et al., 1993). 
Comparisons of the nucleic acid and amino acid sequences of potyvirus 
genomes have assisted in determining relationships between potyviruses. CP 
comparisons of 17 strains of eight potyviruses showed a range of 38 to 71 % 
amino acid sequence homology between distinct members. Between strains of 
a virus, variation was 90 to 99%(Shukla and Ward, 1988). 
Some members of the potyvirus genus have been arranged into subgroups 
based on CP similarities, and in some cases biological and serological similarities 
(Ward and Shukla, 1991; Rybicki and Shukla, 1992). The subgroups are:-
(i) The bean yellow mosaic virus subgroup
(ii) The bean common mosaic virus subgroup
(iii) The sugarcane mosaic virus subgroup
(iv) The potato virus Y subgroup
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1.1.5 Bean yellow mosaic virus 
The focus of the research in this thesis is an isolate of bean yellow mosaic 
potyvirus (BYMV-MI) from Western Australia. This isolate was collected from 
a Melilotus indica (King Island melilot) plant growing south of Perth, Western 
Australia (Jones, 1992). 
BYMV was first isolated from Phaseolus vulgaris (French bean) in the USA in 
1925 (Doolittle and Jones, 1925). It has since been established that BYMV 
occurs throughout the world. It is not known whether BYMV occurs naturally 
in Australia or was introduced during European settlement. In an extensive 
survey of indigenous legumes of Western Australia, BYMV was found in four 
species, Hovea elliptica (tree hovea), H. pungens (devils pins), Kennedia 
coccinea (coral vine), and K. prostrata (scarlet runner) (McKirdy et al., 1994), 
indicating that it could possibly be indigenous to Australia. Whatever the case, 
immigrants probably -brought BYMV-infected seeds and plants into Australia. 
B YMV can sometimes cause serious disease symptoms in agricultural pastures 
and crops. In Western Australia, losses in spaced plants of Trif o l i um 
subterraneum of 25-80% for herbage and 58-76% for seed were reported 
(Hutton and Peak, 1954; Jones, 1992). As Trifolium subterraneum is an annual 
plant, depletion of the seed bank year after year can result in deterioration of 
the pastures (Jones, 1994c). Plot experiments designed to establish the degree 
of spread by aphids to various hosts from infected Trifolium subterraneum 
plants showed that 77-81 % of Lupinus angustifolius (narrow-leafed lupin) 
plants became infected (McK.irdy and Jones, 1995). BYMV killed most of the 
L. angustifolius plants it infected (Jones, 1993; Jones, 1994a) ..
Milne (1988) attempted to establish the relative worldwide economic 
importance of different filamentous plant viruses, including the B YMV 
subgroup (Table 1.1). BYMV is seen to be of major economic importance in the 
Middle East, and in Australia and New Zealand. 
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Table 1.1. Relative assessment of the economic importance of two members of the bean 
yellow mosaic virus subgroup (bean yellow mosaic virus and clover yellow vein virus 
(ClYVV)) compared to other filamentous plant viruses in six regions of the world, 
including South America, Europe, the Mediterranean region, the Middle East, South East 
Asia, Australia and New Zealand.(Milne, 1988) (McKirdy and Jones, 1995). 
South Europe Medit. Middle S. East Australia/ 
America East Asia NZ 
BYMV 8th 8th 5th 1st 7th 3rd 
CIYVV - - - - - 4th
BYMV is transmitted by at least 47 aphid species (Edwardson and Christie, 
1991), but in Western Australia the virus is commonly spread by the species 
Acyrthosiphon kondoi (bluegreen), Myzus persicae (green peach), Aphis 
craccivora (cowpea) and Rhopalosiphum padi (oat) (Jones, 1991; McKirdy 
and Jones, 1995). 
Potyviruses generally have a narrow host range, but BYMV differs in that it 
infects a wide range of species, most of them herbaceous legumes. Other 
reported herbaceous hosts include Petunia spp, Chenopodium, Gladiolus and 
some poppies (Bos, 1970a; Vunsh et al., 1991). It also infects some woody 
species, including the legumes Acacia and Robinia, and non-legumes such as 
Betula, Fagus and Cladrastis (Cooper, 1993). It infects all cultivated lupins 
and probably all wild and ornamental species (Jones and McLean, 1989). 
Many isolates of BYMV have been reported which are distinguished by host 
range, serology, aphid transmission, and genomic sequence (Bos, 1970a; 
Reddick and Barnett, 1983; Schmidt and Zobywalski, 1984; Scott et al., 1989; 
Hopps and McLaughlin, 1990). As mentioned above, BYMV is arranged 
within a subgroup bearing its name. This subgroup contains BYMV, pea 
mosaic virus (PMV), sweetpea mosaic virus (SPMV), clover yellow vein virus 
(ClYVV (also abbreviated as CYVV in older sources)), and white lupin mosaic 
virus (WLMV). Taxonomic relationships between members of the subgroup 
have been difficult to es�ablish because of overlapping host ranges, 
symptomology, and serological interactions (Mc Kern et al., 1993 ). High 
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performance liquid chromatography (HPLC) peptide profiling and other amino 
acid data has indicated that PMV and WLMV are strains of BYMV (McKem et
al., 1993). CP sequence comparisons show that ClYVV is a distinct potyvirus 
(Tracey et al., 1992; Uyeda, 1992). The status of SPMV is still unclear (McKem 
et al., 1993). 
1.2 Replication of Potyviruses 
Replication of potyviruses occurs within the cytoplasm of a host plant cell. The 
potyvirus genome (viral RNA (vRNA)) operates as a messenger RNA (mRNA). 
Following uncoating, the genome is translated by host ribosomes at an internal. 
AUG codon (Dolja and Carrington, 1992; Riechmann et al., 1992). The', 
resulting polyprotein is cleaved in cis (by virus-encoded proteases within the 
polyprotein) and in trans (by virus-encoded proteases which have been 
liberated from the polyprotein by cis processing) (Shukla et al., 1991b). 
Amongst these products is a set of non-structural proteins, known as the 
replication module, that are involved in RNA replication (Fig 1.2). A negative 
sense copy of the genome is then synthesised, and from this template further 
copies of the positive sense strand are replicated. The VPg, approximately 
2000 CP subunits and a progeny viral genome are assembled to form a virus 
particle (Riechmann et al., 1992) 
The products of the potyvirus polyprotein are: protein 1 (Pl), helper 
component-protease (HC-Pro), protein 3 (P3), 6 kilodalton peptide (6K1), 
cylindrical inclusion protein (Cl), 6 kilodalton peptide (6K2), the nuclear 
inclusion 'a' protein (Nia) which includes the VPg, the nuclear inclusion 'b' 






Pl HC-Pro P3 · 6K1 Cl 6K2 Nia Nib CP 
�-------___,.___ _____ I .... 1 __ ___.1 .......... 1 __ _._ _____ ..... 1- AAA
RNA Replication Module 
Fig 1.2. Organisation of a potyvirus genome showing the gene products and the 
replication module. The dark line indicates proteins which have been shown to be 
involved in replication. The light line indicates a protein which may be involved in 
replication (Riechmann et al., J 992). 
1.3 Potyvirus Proteins 
Many potyvirus proteins appear to have more than one function. Most of the 
proteins described below are known to have more than one active domain. As 
many of these proteins are cleaved in trans (Fig 1.6), it is possible that 
processing intermediates may have different roles to fully processed proteins 
(Dougherty and Parks, 1989). 
1.3.1 The untranslated regions 
The open reading frame is flanked by the 5' and 3' untranslated regions (UTR), 
also called non-translated regions (NTR) and non-coding regions (NCR). The 
length of 5' UTRs of published potyvirus sequences range from 85 nucleotides 
in papaya ringspot potyvirus (PRSV) to 205 nucleotides in tobacco vein 
mottling potyvirus (TVMV) (Dornier et al., 1986; Yeh et al., 1992) Alignment of 
several 5' UTR's has revealed the existence of two highly conserved sequences 
(boxes 'A' and 'B'). Box 'A (ACACAACAU) is part of the 'potybox' motif 
(Shukla et al., 1989b) which has the sequence UCAACACAACAU (Table 1.2) 
(Atreya et al., 1992). All potyviruses share a high degree of homology within 
the potybox sequence (Shukla et al., 1994). Box 'B' is seven nucleotides long, 
having the sequence UCAAGCA, and is also highly homologous between 
potyviruses (Shukla et al., 1994). Box A usually occurs nearer to the 5' end of 
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the genome than box 'B'. One exception is potato potyvirus A (PVA) in which 
the order is reversed (Puurand et al., 1994). The highly conserved nature of 
these sequences indicates they may be involved in an important process, such 
as replication or encapsidation (Riechmann et al., 1992). Sequences rel,ated to 
these boxes do not occur at the 5' end of the complementary strand, indicating 
a different replication mechanism may be occurring for the positive and 
negative strands. 
Table 1.2: Alignment of the 5' conserved 'Potybox' and 'Box B' of 12 potyviruses 
showing a consensus sequence. The light shading denotes regions that differ from the 
consensus. Modified from Shukla et al., 1994. Sequences of PStV and BYMV from 
Gunasinghe et al., ( 1994) and Guyatt et al..(1996) respectively. 
VIRUS POTYBOX, INCLUDING BOX A BOX B 
PVY U C A A 
PepMo V fi!I '1??tl1 1::11 :i:1 :;11:1!:11::tA 
TVMV U C A A C  
TEV U C A A C  
SbMV 1:■1:1:::::::;:lc A A c 
....... 
A C A 
A C A 
A C A 
A C A 
A - A
PRSV U C A A C A C A 
PSbMV u C A A C A BIA
TuMV U C A A C A C A  
JGMV Ric A A C A C A 
PPV U C A A C A C A 
PStMV u BIA A A C A 
BYMV U C A A A C A 
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G C A 
G C A 
G C A 
G C A 
G C A 
G C A 
G C A 
G C A 





There is evidence that the 5'UTR of turnip mosaic potyvirus (TuMV) contains 
an internal ribosomal entry site (IRES). Various TuMV 5'UTR derivatives were 
ligated to the P-glucuronidase(GUS) reporter gene. A highly stable stem loop 
structure consisting of CGs was inserted in different sites in relation to the 
5'UTR, the AUG translation start codon and the GUS gene. When the stem 
loop was inserted between the 5'UTR and the AUG, expression of the GUS 
gene was reduced to background levels. Similarly, when the stem loop was 
inserted between the AUG and the GUS gene expression was reduced to 
comparable background levels. However, when the stem loop was inserted 
either 5' of the 5'UTR, or 3' of the GUS gene, expression was restored (Basso et 
al., 1994). 5' UTRs from tobacco etch potyvirus (TEV) and pea seedborne 
10 
_, - - ------~---- ----
- ,_------- -- - '-��-:c.-1 
mosaic potyvirus (PSbMV) have been shown to enhance protein translation of 
the reporter gene encoding GUS by eight to 21 times in vitro and in planta 
(Carrington and Freed, 1990; Nicolaisen et al., 1992). The 5' UTRs of other 
plant viruses such as tobacco mosaic virus (TMV) and alfalfa mosaic virus 
(AMV), have been shown to enhance translation (Gallie et al., 1987; Jobling 
and Gehrke, 1987) whereas others, such as those of turnip yellow mosaic virus 
(TYMV) and black beetle virus do not (Jobling et al., 1988). 
The 3' UTR's of potyviruses share AU-rich reg10ns and contain 
GAGGN/N'CCUC inverted repeats, but are otherwise heterogeneous in size, 
structure and sequence (Lain et al., 1988; Turpen, 1989; Quemada et al., 1990). 
This heterogeneity has been utilised to differentiate closely related potyviruses 
by reverse transcription-polymerase chain reaction (RT-PCR) and sequence 
analysis (Uyeda, 1992; Saiz et al., 1994). The poly-(A) tract is between 20 and 
160 adenosines long and is virus encoded (Dolja and Carrington, 1992; 
Riechmann et al., 1992). The most important function of the 3' UTR is as a 
binding site for RNA-dependent RNA polymerase during synthesis of the 
minus strand RNA (Dolja and Carrington, 1992). By mutational analysis, 
Rodriguez-Cerezo et al. ( 1991 ), showed that the 3' UTR also has a function in 
disease symptom severity. 
1.3.2 The Pl protein 
Comparison of Pl protein sequences from different potyviruses shows that it is 
one of the least conserved proteins (Shukla et al., 1994). The size ranges from 
548 amino acids in PRSV to 237 in johnsongrass mosaic virus (JGMV) (Yeh 
et al., 1992; Gough and Shukla, 1993). However, homology between strains of 
a species is very high, eg. plum pox potyvirus (PPV) 98% and PSbMV 95% 
(Jayaram et al., 1992; Thole et al., 1993). 
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The Pl protein contains a chymotrypsin-like serine protease site in the C­
terminal region, which has been shown to cleave the junction between the Pl 
protein and the HC-Pro protein in trans (Verchot et al., 1991; Riechmann et 
al., 1992). Cleavage of these proteins was shown to be essential for infectivity 
in plants. A mutation inactivating the cleavage site abolished infectivity, but 
this was restored when a novel Nia cleavage site was introduced, indicating 
that Pl proteolytic activity per se is not essential (Verchot and Carrington, 
1995a). 
The Pl protein rp.ay function as a trans-acting accessory factor to stimulate 
genome amplification. Deletion of the entire Pl gene from an infective full­
length cDNA copy of the TEV genome considerably reduced genome 
amplification, but had little effect on movement within the host (V erchot and 
Carrington, 1995b). It was thought that Pl protein may serve a role in cell-to­
cell movement because of some sequence homology between the Pl of TVMV 
and the cell-to-cell movement protein of tobacco mosaic tobamovirus (TMV) 
(Dornier et al., 1987). However, other potyvirus Pl proteins show little 
sequence identity with the TMV movement protein, indicating the observed 
homology is probably coincidental (Verchot et al., 1991). 
1.3.3 The Helper-Component protein (HC-Pro) 
The helper component protease (HC-Pro) is a multifunctional protein. The C­
terminus has a cis-acting protease which cleaves its C-terminus in an 
autocatalytic reaction almost immediately after the ribosomes have translated 
the gene. In vitro experiments show that HC-Pro exhibits no proteolytic 
activity in trans (Carrington et al., 1989). The N terminus is cleaved by the Pl 
protease in trans. The protease most closely resembles members of the papain­
like cysteine family of proteases (Kamphius et al., 1985) and cleaves at a Gly­
Gly dipeptide in TEV (Carrington et al., 1989). Equivalent sites are found in 
most other published potyvirus protein sequences, including BYMV (Shukla et 
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al., 1994; Guyatt et al., 1996). The catalytic cysteine residue lies in the 
conserved amino acid sequence G-Y-C-Y in most potyvirus protein sequences. 
Two exceptions are soybean mosaic virus (SbMV) and BYMV which contain 
the sequences G-F-C-Y and G-F-C-H respectively (Shukla et al., 1994; Guyatt 
et al., 1996). 
Another function of the HC-Pro protein is in controlling insect transmission. 
Mutations in highly conserved boxes in the HC-Pro gene of three potyviruses, 
potato virus Y-strain C (PVY-C), (Thornbury et al., 1990); TVMV, (Atreya et al., 
1992); and zucchini yellow mosaic virus (ZYMV) (Granier et al., 1993; Huet et 
al., 1994 ), resulted in a reduction or loss of transmissibility by aphids. It has 
been shown that the presence of the helper component from PVY overcame 
loss of aphid transmissibility in an RC-Pro-defective form of PPV (Lopez-Moya 
et al., 1995). The HC-Pro protein functions in the binding of the virus to aphid 
mouthparts (Ammar et al., 1994a). Using transmission electron microscopy and 
immunogold labelling, Ammar et al ( 1994a) showed that purified TEV and 
TVMV virions mixed with HC, and fed to aphids, bound predominantly to the 
- epicuticle of the maxillary food canal and foregut, whereas virions without HC­
Pro did not. Huet et al, (1994) found that mutations within two conserved
boxes, termed the FRNK and the PTK boxes, lead to a reduction or total loss of
aphid transmissibility. They suggest that the HC-Pro protein serves as a link
between the aphid stylet and the virus particle and the two boxes are the
points of protein binding (Huet et al., 1994).
Recently, bacterially expressed HC-Pro has been shown to act as a sequence­
non-specific RNA-binding protein. The biological significance of this is
unknown but may be related to virus movement or replication (Maia and
Bernardi, 1996).
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1.3.4 The P3 protein 
The function of the P3 protein is unknown, although it has been detected in 
infected plants (Rodriguez-Cerezo and Shaw, 1991). It has a high sequence 
identity among strains of a virus but low homology (approx. 30%) between 
viruses (Shukla et al., 1991). Study of this protein (and the Pl protein and the 
3' UTR) may therefore be useful in distinguishing between potyviruses. 
1.3.5 The 6-kDa proteins 
Two small proteins, six kiloDaltons (kDa) in size, flank the CI protein of most 
potyviruses. An exception is TEV which appears to contain only one, located 
between the CI and the Nia proteins. These proteins are not identical but may 
have similar functions. Potyvirus 6-kDa proteins share considerable homology 
with the poliovirus 3A protein, involved in RNA replication (Semler et al., 
1987). Restrepo-Hartwig and Carrington (1994) found both CI/6-kDa and 6-
kDa/Nla complexes in TEV-infected plants, indicating alternative processing 
pathways are utilised to excise the 6-kDa protein. A putative membrane­
binding function was suggested for the regulation of nuclear transport of the 
Nia protein. When the cleavage site between the 6-kDa protein and Nia 
protein was unprocessed, nuclear transport of the Nia protein did not occur. It 
was suggested that the mechanism involved is either that the nuclear 
localisation signal on the Nia protein is masked by the 6-kDa protein, or that 
the 6-kDa protein strongly binds the Nia protein to a cytoplasmic anchor, 
preventing it from entering the nucleus. The 6-kDa protein also contains a VPg 
binding domain, suggesting that a 6-kDa/VPg complex may be membrane­
bound and associated with VPg-primed initiation of RNA synthesis (Restrepo­
Hartwig and Carrington, 1994). 
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1.3.6 The Cylindrical Inclusion (CI) protein 
Potyviridae characteristically form cytoplasmic inclusions, which are seen in 
transverse sections as pinwheels (Edwardson, 1966). In addition to pinwheels, 
the CI protein may form scrolls and short laminated aggregates (Edwardson et 
al., 1984; Calder and Ingerfeld, 1990). Calder and Ingerfeld (1990) found that 
the pinwheel inclusions of PSbMV were associated with the rough endoplasmic 
reticulum (rER), which produced electron-dense vesicles on the arms of the 
pinwheels. 
The CI protein contains a nucleotide-binding motif (NTBM) and was shown to 
have RNA helicase activity (ie it unwinds RNA duplexes in the presence of 
NTP) (Lain et al., 1990; Lain et al., 1991). 
Comparisons between the CI helicase of the potyviruses and the hypovirulence 
element of the chestnut blight fungus Cryphonectria parasitica (Koonin et 
al., 1991). show a weak homology. This suggests that potyviruses may have 
first arisen in fungi (Ward and Shukla, 1994; Ward et al., 1994). In addition to 
its possible role in replication of the genome, the CI protein may be involved in 
protein synthesis and virion assembly. When the pinwheel inclusions of TVMV 
were associated with the plasmodesmata, they were aligned perpendicularly to 
the cell wall, and the termini of the arms close to the plasmalemma, indicating a 
role in cell-to-cell spread of virus particles (Ammar et al., 1994b). 
1.3.7 The Nuclear Inclusion 'a' (Nla) protein 
The Nia gene of BYMV is one of the main subjects of this thesis. As a 
consequence, research on the Nia protein is reported here in more detail than 
that of other potyviral proteins. Most of this research has concentrated on the 
Nia protein of TEV, and it is assumed that the Nia proteins of other potyviruses 
will be similar. 
The Nia is a polyprotein of 49-kDa which is autocatalytically cleaved into two 
or three smaller proteins. The N-terminal part of the polyprotein contains the 
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21-kDa VPg including a nucleus localisation signal. The C-terminal part of the
Nia protein contains a 27-kDa protease, which also appears in 25-kDa and 2-
kDa forms in TEV (Carrington .and Dougherty, 1987a; Carrington and 
Dougherty, 1987b; Dougherty and Parks, 1991; Parks et al., 1995). 
The Nia protein is transported into the nucleus of host cells where it sometimes 
forms crystalline nuclear inclusions, hence its name. Nia and Nib nuclear 
inclusions are a characteristic of the BYMV subgroup. The N-terminal portion 
of the Nia protein of TEV was thought to contain two nucleus localisation 
signals (NLS); one between amino acids 1-11 (NLS I), and the other between 
amino acids 43-72 (NLS II) (Carrington et al., 1991). Tyr62 which is the VPg­
RNA attachment site in TEV was located within NLS II (Fig 1.3). However, the 
same research group recently found evidence which indicates that there is only 
one NLS in the Nia protein, and it exists between amino acid residues 40-49 
(Schaad et al., 1996). This domain is characterised by a dense clustering of 
lysine and arginine residues, a feature also found in most nucleus-localisation 
signals from eukaryotes (Roberts, 1989). Mutations of some of the residues in 
the NLS had a significant effect on both nuclear transport and genome 
amplification. Mutations at residues Lys41 and Arg44 abolished nuclear 
transport and lead to the lowest amplification of the virus (Schaad et al., 1996). 
These researchers envisage two roles for nuclear localisation of the Nia protein. 
The first is that the nuclear pool of Nia protein may interact with host functions 
such as transcription, leading to a reduction in host mRNA accumulation. The 
second is that by partitioning the Nla protein in the nucleus, its effect is down­
regulated in the cytoplasm. High concentrations of Nia protein within the 
cytoplasm may be inhibitory to virus replication. 
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Nuclear Localisation Signal 
(NLS) 
Protease domain C 
Fig 1.3. Diagrammatic representation of the Nia protein of TEV. Tyr62 is the genomic 
RNA attachment site. The NLS directs the Nia protein through the host cell's nuclear 
membrane into the nucleus where nuclear inclusions are formed. The NLS in the Nia 
protein of TEV is found between residues 40-49 and has the sequence 
'NKGKRKGTTR' (Schaad et al., 1996). 
The Nia protein initially releases itself from the polyprotein during translation, 
by cleaving the junctions between CI-Nia and Nia-Nib proteins. In cells 
infected with TEV, two pools of Nia protein have been recognised. One was 
located in the nucleus, the other in the cytoplasm. The nuclear pool consisted 
of full-length Nia protein (approximately 49kDa), unprocessed at the sub­
optimal site between the domains. This pool was seen as crystalline inclusion 
bodies. In contrast, the cytoplasmic pool was considerably smaller than the 
nuclear pool and consisted of both full-length 49kDa Nia protein and the 
smaller, processed fragments. Both full-length Nia and VPg proteins were 
observed linked to the viral RNA (Fig 1.4) (Carrington et al., 1993). 
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Nucleus Cytoplasm 
Fig 1.4. Location of Nia proteins within a host cell. The majority of full-length Nia 
protein molecules has been found as inclusions within the nucleus. Both the full-length 
Nia protein (VPg-Pro) and the VPg domain have been found bound to the 5' end of the 
viral genome (vRNA). The protease domain (Pro) has been found in the cytoplasm. 
Drawn from information presented in Carrington et al ( 1993 ). 
i) The protease
The Nia protease (proteinase) is structurally related to the trypsin-like family of 
serine proteases such as trypsin and chymotrypsin and the picornaviral 3C 
proteases (Matthews et al., 1994). The difference is that the Nia proteases 
have a cysteine instead of a serine within the active site (Gorbalenya and 
Koonin, 1989). The active site of the TEV Nia protein is a catalytic triad 
consisting of a histidine (H), an aspartic acid (D), and a cysteine (C) at amino 
acid positions 234, 269, and 339 respectively. These residues are conserved in 
the ten potyviruses and one bymovirus examined by Shukla ( 1994) (PVY, 
PepMoV, TVMV, TEV, SbMV, PRSV, PSbMV, TuMV, JGMV, PPV, BaYMV). It 
is also conserved in BYMV (Boye et al., 1992; Nakamura et al., 1994; Guyatt 
et al., 1996). The cysteine residue is always positioned within the motif G-x-C­
G of TEV. The catalytic triad is positioned in the C-terminal half of the 
molecule (Dougherty et al., 1989). 
The Nia protease of TEV is known to cleave at eight positions along the 
polyprotein (Fig 1.5). Nia proteases are unique amongst all other proteases in 
their substrate requirement; they require a motif of seven amino acids. This 
18 
I 
-- ---� -- _- _---. .! - ,, __ 
----------- -- - _____ - __ - -__ ----,�---c----- -- _- ---- --- - - - - - -1 -- -- - - - -_-_' 
,_ 
requirement for conserved heptapeptide catalytic sites is not shared by 
proteases from other virus groups using polyprotein processing for genome 
expression, such as como- and picornaviruses (Wellink and Kammen, 1988). 
In TEV, four residues in the cleavage site are highly conserved and three vary 
between sites. Six of the eight cleavage positions within the polyprotein have 
the amino acid sequence E-x-x-Y -x-Q 0 S/G ( single letter amino acid code, x 
can be any amino acid), with '0' being the cleavage junction. The exceptions 
are the sub-optimal site between the VPg and protease domains of the Nia 
polyprotein, and the site located 2 kDa from the C-terminus of the Nia 
(Carrington and Dougherty, 1988; Dougherty and Parks, 1991; Parks et al., 
1995). The non-conserved amino acids within the cleavage motif may serve a 
role in determining the rate of cleavage (Fig 1.6). There is usually homology 
between the cleavage site motifs within a species and there is some homology 
throughout the genus. However, cleavage sites appear to be efficiently 
recognised only by their respective proteases (Parks and Dougherty, 1991 ), an 
indication of the very specific protein interactions required for cleavage to 
occur. Nia protease catalysis of the mature polyprotein is a regulated process 
involving cis and trans cleavage sites which are processed at different 
efficiencies (Fig 1.4) (Dougherty et al., 1989; Dougherty and Parks, 1989; 
Dougherty et al., 1989; Dougherty and Parks, 1991). Potyviruses are unable to 
regulate their gene expression at the transcription and translation levels, but 
may be capable of regulating the expression of gene products by sequential 
proteolytic events (Dougherty et al., 1989). This suggests that partially 
processed and fully processed gene products have different functions. 
Until recently, the Nia protease was known to be responsible for cleavage at 
seven sites in the C-terminal region of the viral polyprotein. However, another 
cleavage site within the protease domain of the Nia protein of TEV has been 
discovered (Parks et al., 1995). This site was located 24 amino acids from the 
carboxy-terminus of the Nia protease. Storage of the Nia protein always 
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resulted in the cleavage of ~2 kDa from the carboxy terminus. Similar cleavage 
did not occur in a mutated form of the protease where one of the catalytic 
amino acids had been changed, indicating that it was a Nia protease-mediated 
cleavage event. This cleavage event has only been observed in vitro.
Nia 
P1 HC-Pro AB CD V F 
2kDa 
H H t H 
P1 HC-Pro P3 6 Cl 6 Nia Nib CP 
Fig 1.5. A cleavage map of a potyviral polyprotein showing the cleavage sites and the 
protease responsible for each cleavage. The P 1 and HC-Pro proteases cleave once at 
their respective C-terminus. The Nia protease cleaves at seven sites ( eight in TEV as 
indicated by the 2 kDa site), named A-F and V. From Reichmann et al., ( 1992) and Parks 
et al., (1995). 
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Fig 1.6. (A). Schematic representation of polyprotein processing in potyviruses. 
Modified from Riechmann et al. (1992), and Parks et al. (1995). (B) Cleavage sites 
recognised by the TEV Nia protease. Protein junctions and the cleavage motifs at each 
junction are indicated. The consensus sequence is shown where 'x' stands for any 
amino acid. The recently discovered site between the protease domain and a 2 kDa 
peptide is unnamed. Modified from Parks et al., ( 1995). 
The domains responsible for recognising the heptapeptide cleavage sites are 
unknown but are thought to be contained within an extended C-terminal 
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region not found in similar proteases encoded by other viruses (Dougherty and 
Semler, 1993). 
ii) The VPg
The VPg of TEV has a weight of approximately 21 kDa, and is located at the N­
terminus region of the Nia protein. The heptapeptide cleavage site between 
the two domains is sub-optimally recognised by the Nia protease (Fig 1.6). In 
TVMV and TEV, the VPg is covalently attached to the 5' end of the vRNA via a 
phosphate ester linkage with Tyr62 (Carrington et al., 1991; Murphy et al.,
1991). 
The potyvirus genome acts as a messenger RNA, but unlike most eukaryotic 
mRNAs it lacks a methylated 5' cap structure that may serve to protect against 
5'-3' exonucleases (Matthews, 1991). The VPg is thought to play a similar role 
to the 5' cap by protecting the 5' end of the RNA and acting in the replication 
process as the primer for RNA synthesis (Shahabuddin et al., 1988). 
Translation was reduced in PPV when the VPg was removed (Riechmann et al., 
1991). However, translation of TEV was enhanced by removal of the VPg (Hari, 
1981 ), indicating that the VPg may not always be essential. 
1.3.8 The Nuclear Inclusion 'b' (Nlb) protein 
The Nlb protein is thought to be an RNA-dependent RNA polymerase (RdRp ), 
also known as a replicase. It contains the GDD motif found in other viral RNA­
dependent RNA polymerases, and shares sequence homology with the RNA 
polymerases of the related pi coma viruses and comoviruses (Dornier et al., 
1987)./RNA replication of picorna-like viruses, such as potyviruses, occurs in 
association with membrane structures. In order to isolate the membranes 
associated with replication of PPV, a crude extract from an infected plant was 
fractionated in a glycerol gradient. The RNA polymerase activity was highest 
in fractions enriched in endoplasmic reticulum and tonoplast vesicles (Martin et 
al., 1995). 
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1.3 .9 The Coat Protein 
The genome of an intact virus particle is surrounded by a capsid or coat protein 
(CP). Its primary function is to encapsidate the genomic RNA, but it has also 
been shown to have roles in cell to cell movement and aphid transmission. 
Serological and sequence data has been collected on the CP of many 
potyviruses, making it the most extensively studied of the potyvirus proteins 
(Ward and Shukla, 1994). 
The CP is made up of about 2000 subunits encoded by the CP gene at the 3' 
end of the potyvirus genome. A CP subunit consists of a highly conserved C­
terminal region, a trypsin-resistant core, and a variable N-terminus (Fig 1.7). The 
core region of the CP on the interior of the virion is thought to come in contact 
with the genomic RNA. This contact is probably necessary for assembly and 
stability of the virus. Very little is known about encapsidation of potyviral 
genomes in vivo. In TMV, a specific RNA sequence, known as the origin of 
assembly sequence (OAS), serves as the starting point for CP assembly. The 
entire process has been observed in vitro (Butler and Lomonossoff, 1978) and 
in vivo (Wu et al., 1994) and takes 5-6 minutes. 
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250 to 280 disks form a particle 
Fig 1. 7. Schematic drawing showing the linear CP subunit, the subunit folding pattern, 
and a cross section view through a PVY virus particle. Reproduced from Shukla, 
( 1994) ( originally from Shukla and Ward, ( 1989) ). 
The N- and C-termini are located on the surface of the capsid subunit (Allison et
al., 1985a; Shukla et al., 1989b ), indicating that they have biological functions 
(Riechmann et al., 1992). The C-terminus region of potyviruses (Shukla and 
Ward, 1989) shares homology with other rod-shaped virus groups such as the 
potex-, carla-, clostero-, and tobamoviruses (Morozov et al., 1987; Lain et al., 
1988; Dinant et al., 1991). The N-terminus is variable in length and sequence. 
Digestion of the N-Terminal region away from ZYMV particles, abolished aphid 
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transmission (Salomon and Raccah, 1990). The highly conserved amino acid 
triplet, DAG, is found in one or more copies in the N-terminal region of most 
potyviruses (Shukla et al., 1994 ). This motif was shown to be present in the 
aphid-transmissible (AT) strain of TVMV, but absent in the non-aphid­
transmissible (NAT) strain (Atreya et al., 1991). By excising the DAG motif, or, 
by introducing a point mutation in the third codon, substituting the glycine for 
a glutamic acid, transmission was completely abolished. It has been suggest�dr, 
that the N-terminal domain may interact with HC-Pro protein during aphid, 
transmission to bind the virus particle to aphid mouthparts (Shukla et al., 1994). :1 
Potyvirus CPs are involved in cell4o-cell and long distance movement within 
plants (Hull, 1989; Dolja et al., 1994; Dolja et al., 1995), However, a detailed 
description of how the CP is involved in movement of potyviruses is lacking. (; 
Deletion of most of the variable N- or C-terminal domain of TEV produced 
mutants which had limited cell-to-cell movement but no long distance 
movement ability. Encapsidation was unaffected (Allison et al., 1985a; Shukla 
et al., 1989b; Dolja et al., 1994; Dolja et al., 1995). Studies with full-length 
infective cDNA transcripts showed that a mutation of the highly conserved 
serine 122 residue in the CP core of TEV left the virus encapsidation-defective 
and eliminated cell-to-cell movement (Dolja et al., 1995). From the results of 
these experiments, it has been suggested that potyviruses probably move 
within the host as encapsidated RN A (Maia and Bernardi, 1996). 
Long distance movement is a complex procedure involving interactions with 
several cell types, such as mesophyll cells, bundle sheath cells, phloem 
parenchyma/companion cells, and sieve elements (Dolja et al., 1995) Exposed 
termini on the CP may be essential in communication with sites associated with 
these cells (Dolja et al., 1994; Dolja et al., 1995). 
The CP is also involved in the phenomenon of cross-protection which is 
discussed below (Sherwood and Fulton, 1982). Protection is only observed in 
closely related viruses, or strains of a virus. The N-terminus of strains of a virus 
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is highly conserved, but it is the most variable region of the capsid between 
distinct viruses (Shukla et al., 1989b; Shukla and Ward, 1989), suggesting that 
it has a possible role in cross-protection. 
1.4 Vectors and Transmission of Potyviruses 
Most potyviruses are transmitted from infected plants to healthy plants by 
aphids. 'Macluraviruses' have also been shown to be aphid transmitted. Early 
studies showed that potyviruses were acquired from the infected host in about 
one minute, and retained in an infective state by the feeding vector for no more 
than an hour, although non-feeding aphids could remain viruliferous ( able to 
transmit viable virus particles) for a little longer. This was termed a non­
persistent mode of transmission (Watson and Roberts, 1939). Since then, 
viruliferous aphids immobilised by anaesthesia or cold temperatures were 
shown to retain maize dwarf mosaic potyvirus (MDMV) for much longer. 
Between 5-10% of aphids remained viruliferous after seven hours (Berger and 
Zeyen, 1987). More recently, maize dwarf potyvirus (MDMV) was shown to 
be retained by non-feeding aphids for up to 24 hours under natural conditions 
(Zeyen and Berger, 1990). Similarly, 2YMV has been shown to be retained for 
30-40 h (Fereres et al., 1992). Aphids frequently probe plants as they search .
for preferred food species and this usually discharges virus particles.
Preventing aphids from probing by anaesthetising them with argon or nitrogen 
at 25°c, or immobilisation at 6°C greatly increases virus retention times 
(Berger and Zeyen, 1987). 
At least two viral proteins are required for successful transmission of the 
potyviruses; the HC-Pro and the CP (Pirone, 1991), as discussed above. · 
Immunogold labelling and transmission electron microscopy experiments 
showed that HC-Pro binds the virions to the cuticle of the maxillary food canal 
and the foregut (Ammar et al., 1994a) Mutation in the DAG motif of the CP 
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can abolish aphid transmissibility in TVMV (Atreya et al., 1990; Atreya et al., 
1991), ZYMV (Gal-On et al., 1992), and TEV (Allison et al., 1985b) 
Some potyvirus strains, including those of BYMV, lose their ability to be aphid 
transmissible after repeated mechanical inoculation (Swenson et al., 1964; 
Evans and Zettler, 1970). This appears to be unrelated to a defect in 
production of HC-Pro as similar concentrations of this protein are produced by 
highly aphid transmissible (HAT), poorly aphid transmissible (PAT), and non 
aphid transmissible (NAT) strains of TEV (Pirone and Thornbury, 1983). 
However ,  mutations to the 5' portion of the HC-Pro do affect aphid 
transmissibility and virulence of some potyviruses (Atreya and Pirone, 1993; 
Granier et al., 1993). 
1.5 Virus Movement 
The cytoplasm of plant cells is linked into a symplast through cytoplasmic 
connections known as plasmodesmata. This is probably the route taken by 
viruses as they move from cell to cell (Hull, 1989). Plasmodesmata are formed 
either when new cell walls are synthesised, or within existing cell walls. 
Initially they are tubular structures with a diameter of about 30nm. As they 
mature the diameter is reduced when the middle lamella cavitates, and they 
become fused together or branched (Jones, 1976; Esau and Thorsch, 1985). 
Not all plasmodesmatal connections function in the same manner, but it is 
unknown whether this effects virus movement between cells (Hull, 1989). 
The radius of a mature plasmodesmata channel has been estimated to be about 
1.5nm (Terry and Rodards, 1987). This is far less than the size of virus particles, 
which have a diameter between 10 and 100nm (potyvirus particle diameter 12-
15nm), and even that of naked genomic material (Matthews, 1991). Movement 
of plant viruses between cells is an active process controlled by viral movement 
proteins (Mp). Long distance movement occurs passively through the vascular 
system (Cronin et al., 1995). Successful cell-to-cell transport has been shown 
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to require compatible interactions between Mp(s) and host receptor(s) (Maule, 
1991). The Mps of some viruses (eg cowpea mosaic virus (CpMV), and 
cauliflower mosaic virus (CaMV)) have been shown to induce the formation of 
tubular structures which extend through the plasmodesmata into the cytoplasm 
of neighbouring cells (Van Lent et al., 1991; Perbal et al., 1993). Virus particles 
line up and can pass through these tubules to the next cell (Kasteel et al.,
1993). More commonly, viral Mps do not obviously alter plasmodesmatal 
structure. Instead, they may bind to single-stranded nucleic acids and facilitate 
movement between cells by interacting with plasma membrane compounds 
within the plasmodesmata (Gorbalenya and Koonin, 1989; Citovsky et al.,
1990; Citovsky et al., 1992; Osman et al., 1992). They may also increase the 
size exclusion limit (SEL) of the plasmodesmata so that the infectious agent 
( virus particles or genomic material) can pass through (Wolf et al., 1989; 
Citovsky and Zambryski, 1991; Fujiwara et al., 1993; Lucas et al., 1993). Mps 
may also interact with vRNA to unfold and shape it into complexes narrow 
enough to pass though plasmodesmata with SELs of l-3nm (Citovsky and 
Zambryski, 1991; Citovsky et al., 1992). 
Systemic spread of viruses within a host is a complex process which involves: 
(i) replication in the first cell in a leaf
(ii) cell-to-cell movement
(iii) entrance of virus into the vascular system of the primary inoculated' leaf,
(iv) entry into the sieve elements, and transport through and exit from the
vascular system 
(v) further cell-to-cell spread at the site of exit from the vascular system
(Valkonen and Somersalo, 1996). 
Movement of infectious viral entities in the vascular system parallels the 
distribution of the photosynthates from source to sink (Atabekov and 
Taliansky, 1990). 
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There is considerable evidence indicating that restriction of viral cell-to-cell 
movement is an important resistance mechanism in plants, limiting the range of 
viruses which can infect the plant (Cheo, 1970; Sulzinski and Zaitlin, 1982; 
Atabekov and Taliansky, 1990; Mise et al., 1993; Mise and Ahlquist, 1995; 
Valkonen and Somersalo, 1996). 
The coat protein of TEV is intimately involved in both cell-to-cell movement 
and long distance movement. An encapsidation-defective TEV with a CP core 
region mutation was restricted to individual cells but movement was restored in 
transgenic plants expressing full-length CP. This indicates that the potyviruses 
may move within a host as intact virions. However, it is possible that the 
mutated region is involved in both encapsidation and the formation of a 
nonvirion transport complex (Dolja et al., 1995). 
1.6 Lupins 
1.6.1 Introduction 
One of the aims of this project was to develop binary constructs which would 
be utilised to generate BYMV-resistant transgenic cultivated lupins (Lupinus 
species). The genus Lupinus is large and diverse with over 200 species 
occurring naturally in Eurasia, Africa and the Americas (Dracup and Kirby, 
1996). 'Wild' lupins contain high levels of poisonous alkaloids, making them 
unsuitable for human and animal consumption unless the alkaloids are first 
leached from the seed. Lupins ( L. al bus and L. mutabilis) have been 
cultivated in the Mediterranean region and in the Andes respectively for more 
than 3000 years (Jones and McLean, 1989). Today, lupins are cultivated 
throughout the world. However,- domestication of lupins required that they be 
"improved" genetically. Earlier this century the first low alkaloid "sweet" lupins 
were selected from natural mutants (Von Sengbusch, 1931). Other landmark 
events in the domestication of lupins were the development of permeable (soft) 
seed coats and non-shattering pods (Gladstones, 1994). 
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Today, three cultivated species are grown most widely, L. angustifolius 
(narrow leafed lupin), L. albus (white lupin), and L. luteus (yellow lupin)(Table 
1.3). They are cultivated as summer annual seed or forage crops in regions with 
cool climates, such as Northern Europe, New Zealand, USA and the high 
Andes. In Mediterranean-type climates, such as South Africa, Chile, southern 
Australia, and the area surrounding the Mediterranean sea, they are grown as a 
winter annual crop. Other minor cultivated species include L. mutabilis (tarwi 
or chocho) and L. cosentinii (known in Australia as the sandplain lupin) (Jones 
and McLean, 1989). 
Species used as ornamental plants include L. luteus, L mutabilis, L pilosus, L.
hartwegii, L. polyphyllus, and interspecific crosses of L. polyphyllus and L.
arboreus known as "Russell hybrid cultivars" (Jones and McLean, 1989). 
Table 1.3. List of the major ares of Lupin production, and the species which 
predominate in each area (Jones and McLean, 1989). 
Australia� NZ S.E. USA E. German�� USSR S. America
Poland 
L. angustif olius L. angustif olius L .  luteus L. luteus, L. albus
L. angustif oliu,s 
L. albus
Nobody knows exactly when lupins were first introduced into Australia. One 
record speaks of a mill for grinding lupin seed at the convict station at Lynton, 
north of Geraldton, Western Australia, prior to 1870 (Patrick, 1922). It is 
possible that small-seeded perennial lupins such as L. polyphyllus came in as 
ornamentals (Gladstones, 1994). High alkaloid (bitter), semi-cultivated forms of 
L. angustifolius have been naturalised in Western Australia at least since the
beginning of this century (Gladstones, 1979). Bitter lines of L. luteus and 
L. albus may have been introduced by Italian immigrants for green manuring
and food (Gladstones, 1994). L. cosentinii is the most widely naturalised of all 
the lupins in Australia. This species is relatively low in alkaloids and was 
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introduced before 1870, possibly for animal and human consumption 
(Gladstones, 1994). 
Lupins tolerate poor soils and can improve them by contributing nitrogen. 
They are ideal as a rotation crop with cereals as they reduce the amount of 
nitrogenous fertiliser needed for cereals, as well disrupting the life cycle of some 
cereal-infecting fungi (Rowland et al., 1988). Since their introduction as a crop 
in Western Australia, narrow leafed lupins have improved the soil structure and 
have boosted yields of cereal crops grown in rotation with them (Rowland et 
al., 1986; Rowland et al., 1988). 
1.6.2 Lupin breeding and cultivation in Western Australia 
In Western Australia, Gladstones produced the first fully domesticated "sweet" 
cultivar (cv. Uniwhite) of L. angustifolius which was released in 1969. In 
1973, an early flowering cultivar, Unicrop, was released (Gladstones, 1977). 
Since then, many other new characteristics, such as reduced branching, 
resistance to pod shattering, increased yield, disease resistance, and improved 
seed nutrient composition have been incorporated into cultivars (Gladstones, 
1994). An extensive breeding program at Agriculture Western Australia aims to 
domesticate other lupin species. Recently, L. cosentinii has been fully 
domesticated (Buirchell, 1994). L. cosentinii cv Erregulla-S has genes for soft 
seeds, shatter-resistant pods, and low levels of alkaloids. Interspecific crosses 
between L. cosentinii and L. atlanticus has produced soft seeded lines. 
Crosses between L. atlanticus and L. digitatus have produced early flowering 
lines. Mutations induced by ethyl methyl sulphonate and sodium azide 
resulted in lines of L. atlanticus with soft-seeds, shatter resistant pods, and low 
alkaloids (Buirchell, 1994). Characteristics such as deep rootedness, water use 
efficiency, harvest index, increased pod set, reduced branching, increased 
nitrogen fixation and disease resistance are being introduced into modern 
cultivars (Dracup, 1994). 
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Gladstones' initial breeding efforts have been so successful that lupins are now 
the major grain legume grown in Australia with an estimated total of 1,375,300 
ha grown in the 1993 season. Western Australia dominates world production 
of lupins with an estimated 1,178,300 ha grown in the 1993 season (Nelson, 
1996). In Australia, most of the remainder is grown in New South Wales, South 
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Fig 1.8. Graph showing hectares of cultivated lupins in four Australian states in the 
1993 growing season(based on Perry et al., 1994) 
Lupins are broadly divided into 'smooth-seeded' and 'rough-seeded' species. 
Ninety eight percent of the Australian crop are low alkaloid 'sweet' smooth­
seeded lupins based on cultivars of L. angustifolius (Plate IA). This species is 
adapted for optimal growth in acidic (mean pH < 7 .0), course-textured soils with 
moderate rainfall (range of 200-1500 mm pa, mean of 655 mm pa.) (Cowling, 
1994 ). L. angustifolius. is sensitive to calcareous soils, as are all cultivated 
lupin species, although L. angustifolius and L. albus can tolerate alkaline soils 
if lime is absent (Cowling, 1994). 
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L. alb us, another smooth-seeded species, is the only other lupin produced in
commercial quantities in Australia (Plate IC). This species tolerates similar 
climatic conditions to L. angustifolius, but grows poorly on the low-fertility, 
sandy soil found in much of the Western Australian wheatbelt (Cowling, 1994). 
The breeding program in Western Australia aims to develop higher yielding 
cultivars for the medium to low rainfall areas with fine textured soils through 
selection for early maturation, resistance to diseases, and adaption to higher pH 
soils and free lime (Cowling and Buirchell, 1996). 
L. luteus is a smooth-seeded species tolerant of acidic, high aluminium soils in
low rainfall areas such as the Wadjil soils found in the eastern wheatbelt of 
Western Australia (Gladstones, 1994) (Plate lB). Recent selections are resistant 
to the fungal diseases brown spot, Pleiochaeta root rot (Pleiochaeta setosa) 
and Eradu patch disease (Rhizoctonia) (MacLeod, 1996), and some varieties 
(eg Teo 101, Teo 105) carry single-gene resistance to CMV (Jones and Latham, 
1994 ). L. luteus has a higher protein content than L. angustifolius (38% 
compared to 30% ), and twice the cysteine and methionine content of most 
other lupins and pulses (Petterson and Mackintosh, 1994), hence the grain 
attracts premium prices. However. it is highly palatable to insects pests and red 
legged earth mites (Cowling, 1994), and is susceptible to BYMV. Gladstones 
warns that although L. luteus appears to be an attractive crop for Western 
Australia, yields may prove to be poor (Gladstones, 1994). A new cultivar, 
based on a reselection of a Polish cultivar Teo, will be released to Western 
Australian growers in 1998 (Sweetingham .et al., 1996). This cultivar is targeted 
to be grown in the Wadjil soils in the Western Australian wheatbelt stretching 
from Mullewa to Hyden. L. angustifolius grows poorly on these soils. 
Other species are needed to extend the range of conditions under which lupins 
can be cultivated. Two species of rough-seeded lupins, L. atlanticus and 
L. pilosus, are being domesticated by Agriculture Western Australia. 
L. atlanticus and L. pilosus tolerate fine-textured, alkaline soils (mean pH > 7 .0)
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Plate 1 
A) L. angustifolius in flower
B) Flower of L. luteus
C) L albus in flower
D) Aphid feeding on T. subterraneum leaf

where L. angustifolius and L. luteus grow poorly (BuircheJl, 1994). It is 
estimated that species such as L. luteus and L. atlanticus could increase the 
area in which lupins are grown by 300 000 ha (Nelson, 1996). 
1.6.3 Lupins as food 
As the energy value and protein content of lupin grain is higher than that of 
most cereals and grain legumes, 13 megajoules of energy/kg dry matter (DM) 
and 32% in DM respectively (Hough and Jacobs, 1994), it is a valuable 
supplement feed for livestock. However, grain of the most widely grown 
species, L. angustifolius, is deficient in lysine and methionine. Some species 
and cultivarn may contain anti-nutritional factors including low levels of 
alkaloids, trypsin inhibitors, saponins, tannins and cx.-galactosides. 
The green plant is excellent livestock feed. However, lupin stubble or seeds 
which are infected by the fungus Phomopsis leptostromiformis can contain 
mycotoxins known as phomopsins which are poisonous to livestock and 
humans. Phomopsins arc low weight molecular toxins which accumulate 
primarily in the liver where they bind to microtubular subunit molecules. In 
sheep and cattle, the disease caused by phomopsins is known as lupinosis. 
Long-term, low-level exposure to phomopsins causes chronic poisoning, 
permanent liver damage, biliary hyperplasia and cancer eventually leading to 
death (Edgar, 1994). 
Lupin grain can be fed directly to increase ram fertility and ewe fecundity, lamb 
and pregnant ewe survival, and wool production (Murray, 1994). Lupin grain 
is commonly incorporated into dairy cow diets as a source of protein, but is 
seen as limited value for beef produclion (Hough and Jacobs, 1994 ). 
L. angustifolius 'Gungurru' has been widely and successfully used as a
monogastric (pigs and poultry) protein source (van Barneveld and Hughes, 
1994), and studies with fish have shown that juvenile snapper (Pagrus 
auratus) gain weight at Lhe same rate when soybean meal is replaced by lupin 
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seed meal in pelletised feed (Jenkins et al., 1994). Transgenic lupin grain 
containing high sulphur levels will be fed to sheep in 1996 to test for increased 
wool production (Higgins, 1996). 
Legumes have been estimated to provide 20% of nutritional protein intake for 
humans, with soybean providing much of this. On a nutritional basis lupin 
grain compares very favourably with soybean (Glycine max), except that the 
oil content of narrow leafed lupin seeds is only one third to half (6-9%) of that 
found on soybean (18%). Although the oil content of cultivated lupin seed is 
seen as too low for commercial oil production, it is of a level that has a 
significant nutritional value, and it does not have the rancidity problems of 
seeds containing higher oil levels. The undomesticated species L. mutabilus 
contains comparable levels of oils (16%) to those found in soybean (Kyle, 
1994). and may be used for oil production in the future, Food applications for 
lupin presently include sprouts, tempe, miso, soy sauce, tofu, beverages, pasta, 
bread and baked goods, snack foods, and protein and fibre fractions (Kyle, 
1994). 
1.7 Virus Diseases of Lupins 
1.7.1 Introduction 
At least seventeen virus and phytoplasma-like diseases are known to infect 
lupin (Piche et al., 1993). Viral diseases are one of the main factors limiting 
lupin production in southern Australia. The two most damaging virus diseases 
of lupins are caused by CMV and BYMV. 
l.7.2 CMV and lupins
In Western Australia, CMV is a threat to lupins in high rainfall areas (>400 mm 
pa) of the wheatbelt, from north of Gera]dton to Perth, and along the South 
Coast from Mt. Barker to Esperance (Bwye et al., 1995). CMV also limits the 
cultivation of lupins in northern New South Wales (R.A.C. Jones, 1996, pers. 
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comm.). CMV is seed-borne in L. angustifolius, and infected seed is the main 
source of primary virus infection. Typical crop losses are indicated in Table 1.4. 
There are significant differences between L. angustifolius cultivars in seed­
transmission rates from infected parents (Table 1.5). 
Table 1.4. Effect of different levels of CMV seed infection on current-season infection 
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Table 1.5. Typical CMV transmission rates in seed produced on infected plants in six: 
different cultivars of L. anRustifolius ( Bwye eJ...flL., 1995) 







Seedlings emerging from infected seeds are severely stunted, and may have 
down-curled leaves with a faint mottling and pallid colour. Subsequent spread 
to healthy plants is by viruliferous aphids from seed-infected plants, or from 
other hosts such as Trifolium subterraneum (Jones and McLean, 1989). 
Current-season infection is usually apparent only in the upper parts of the plant, 
seen as down-curling and bunching of the young leaves. CMV is also seed­
borne in susceptible L. luteus cultivars. Cultivars Teo and Motiv possess a 
CMV-resistance gene (Bwye et al., 1995). Symptoms of seed-borne infection in
L. luteus are similar, but more severe than those in L. angustifolius (Bwye et al.,
1995) Some other broad-leafed lupin species (L. albus, L. atlanticus, 
L. cosentinii, L
. 
digitatus and L. pilosus) display natural resistance to CMV 
(Jones and Latham, 1994). CMV can react synergistically with fungi to cause 
more serious disease symptoms. For example, Cowling showed that 
36 
Plate 2 
AJ L, angusftfolius seedling 14 days post-inoculation with BYMV-MI. The typical 
'shepherds crook' symptom is apparent. 
BJ L. alhus leaf showing typical early symptoms of BYMV infection. Vein clearing and 
chlorosis of young leaf are readily apparent. 
CJ Early symptoms of BYMV infection of a L. angustifolius plant in flower. The 
'shepherds crook' symptom and some necrotic streaks on the stem are visible. 
D) Electron micrograph of BYMV-Ml particles (70 000 x magnification)
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L. angustifolius infected with Pleiochaeta setosa and CMV produced more
severe symptoms than either pathogen alone (pers. comm., as reported by Jones 
and McLean, 1989). 
1.7.3 BYMV and lupins 
There are no BYMV-resistance genes in lupins. Symptoms of BYMV infection 
in L. angustifolius are generally very severe, although severity is dependent on 
the virus strain (Jones and McLean, 1989). In Western Australia the virus is 
spread to L. angustifolius crops by aphids from nearby sources of infection, 
mainly Trifolium subterraneum pastures (Plate 1D), and possibly, to a lesser 
degree, from indigenous legumes (McKirdy et al., 1994 ). Infection occurs 
initially on the edges of the crop, especially the windward edge(s), and in low­
density areas within the crop. Infection occurs when aphids are blown from 
surrounding areas and infect the crop by probing the leaves (Jones, 1994a). 
Plants infected at an early stage of growth die quickly. Plants infected later 
develop necrotic streaking of the stem near the growing point, causing the tip 
to bend, resulting in a characteristic "shepherds crook" symptom (Plate 2A and 
2C). Plants infected after pod set exhibit shoot tip necrosis, the pods become 
black and fail to fill, growth ceases except in some leaves which may expand to 
appear 'fleshy'. BYMV is not seed-transmitted in L. angustifolius. (Jones and 
McLean, 1989). 
Symptoms tend to be less severe in L. luteus. Here, BYMV infection leads to a 
mild leaf mosaic, narrowing of the leaflets, pollen abortion and dwarfing. 
Infection before flowering almost completely inhibits seed production, and any 
seeds that do occur are small and may be of abnormal appearance. The virus 
can be seed-transmitted in L. luteus , and the extent to which this occurs differs 
with variety (Jones and McLean, 1989). Rates of transmission to seedlings of 
7% have been recorded in Western Australia, with higher rates recorded 
elsewhere (Jones, 1994d). 
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Symptoms of BYMV infection in L. albus are more severe than in L. luteus. 
Early infection may kill the seedling. Later symptoms include distinct leaf 
mosaic (Plate 2B), vein clearing, necrotic spotting and severe deformation of 
the young leaves . Seed production is severely r�duced (Jones, 1994d). 
BYMV can also be seed-transmitted in L. albus, with rates of up to 12% 
recorded in Western Australia. Symptoms in other Lupinus species are similar 
to those observed in L. albus (Jones and McLean, 1989). 
1.8 Control of Plant Virus Diseases 
1.8.1 Introduction 
Plant viruses cause considerable losses to crops and limit areas where some can 
be grown. For example, BYMV limits the sowing of L. angustifolius on the 
western edge of the Great Southern district of the wheatbelt of Western 
Australia. In South East Asia an estimated $1.5 billion is lost annually due to 
virus diseases of rice (Herdt, 1991). 
1.8.2 Approaches to Control 
Virus control depends on minimising or removing the source of infection, and 
on decreasing the spread of the infection. It also depends on host factors 
which may inhibit transmission of the virus, and/or replication and movement 
within the host. 
i) Minimising the source of infection.
One way of minimising the source of infection is to eliminate alternative hosts of 
the virus and vector, such as related weed species (McKirdy and Jones, 1995). 
Another approach is to plant only 'high health' virus-free propagules, and to 
rogue any plants that subsequently become infected. An example is the lupin 
seed testing scheme carried out by Agriculture Western Australia to detect 
CMV. An immunoassay (Jones and McKirdy, 1990) and a reverse transcription­
polymerase chain reaction (RT-PCR) assay (Wylie et al., 1993) have been 




very low amounts, or no virus, is selected for planting the succeeding year. The 
RT-PCR reaction assay is sensitive enough to detect one infected seed amongst 
999 uninfected seeds (0.1 % infection), and is used to sample lupin seed samples 
from over 1500 Western Australian farms each year. 
The certified potato schemes found in many countries are another example of 
minimising the source of infection. Growing plantlets at high temperature 
inhibits virus replication and allows the meristem to grow ahead of the virus 
front. Virus-free potato plantlets have been produced by in vitro meristem 
culture. Subsequent high-health seed stocks are bulked in a region low in 
vectors before being planted in the main potato-producing areas. Similar 
schemes· exist for strawberries and carnations. These strategies have proven to 
be highly successful despite difficulties in detecting virus infection in large 
amounts of stock material, and the on-going costs of testing (Hull, 1994b ). 
ii) Minimising spread of the virus.
Many agronomic measures are available to minimise virus spread by vectors. 
Such practices include spraying insecticides to control vectors, manipulating 
the time of planting so as to avoid vectors, making the crop unattractive to 
vectors by using strategies such as reflective mulch or by altering planting 
distances (Jones, 1994b). 
Spraying insecticides with slow knock-down activity is usually ineffective 
against non-persistently acquired viruses such as potyviruses. These types of 
insecticides may cause aphids to become agitated and flit from plant to plant 
before death, so may actually increase the chances of transmitting the virus. 
Insecticides with rapid knock-down activity such the broad-spectrum 
organophosphorous insecticide methamidophos and the carbamate insecticide 
pirimicarb have been shown to reduce CMV spread (Bwye et al., 1995), and the 
synthetic pyrethroids are also likely to be effective. 
A continuous ground cover tends to repel flying aphids so narrow row spacing 
and high density planting is recommended for some crops including lupins 
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(Bwye et al., 1995). A ground cover of cereal straw mulch has been shown to 
decrease BYMV infection by more than 70% in L. angustifolius (Jones, 1994a). 
This result was attributed to decreased landing rates of incoming viruliferous 
aphids. As a result of these experiments, lupin growers in Western Australia are 
advised to retain stubble and straw from the previous cereal crop, and to direct 
drill rather than cultivate before drilling. 
In Western Australia a package of strategies has been developed to minimise 
the risk of BYMV infection in lupin crops. These include 1) early sowing at 
high seeding rates, 2) use of early maturing cultivars to provide a measure of 
'mature plant resistance', 3) retaining stubble from the previous crop, 4) 
avoidance of paddocks with a large perimeter:area ratio to minimise 'edge 
effects', and 5) sowing cereal borders around crops to protect from viruliferous 
aphids (Jones, 1994b). These strategies are also effective against CMV but with 
the added provision that virus-free seed be sown. 
iii) Host factors
The third approach is to utilise resistance genes, either introduced to the crop 
by conventional breeding approaches, or increasingly, by making use of the 
techniques of genetic engineering and in vitro plant transformation and 
regeneration. 
Conventional breeding to select resistance genes to viruses has been very 
effective in many cases. Naturally occuring resistance may be monogenic or 
polygenic, and may confer resistance to more than one virus or only to certain 
virus strains. An example is found in a selection of the Chinese cucumber 
cultivar 'Taichung Mau Gau' in which resistance to three serious cucurbit 
potyviruses; ZYMV, watermelon mosaic virus 2 (WMV2), and the watermelon 
strain of PRSV (PRSV-W), occurs (Provvidenti, 1985; Wai and Grumet, 1995). 
Another example occurs in Phaseolus vulgaris where the dominant allele 'I' 
confers a systemic necrotic resistance to at least five potyviruses: bean common 
mosaic virus (BCMV), blackeye cowpea mosaic virus (BlCMV), cowpea aphid-
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borne mosaic virus (CABMV), soybean mosaic virus (SbMV), and WMV2 
(Provvidenti et al., 1983; Kyle and Dickson, 1988). The recessive gene pair mo­
mo has been used to confer resistance to BYMV in Pisum sativum breeding 
programs (Marx and Provvidenti, 1979; Hampton, 1984), and other resistance 
genes may be present in this gene pool (Jurik et al., 1994). Eight Vicia faba 
genotypes were found to be highly resistant to a Syrian isolate of B YMV, 
although the gene(s) responsible have not been characterised (Makkouk and 
Kamari, 1995). 
There can be considerable variation in tolerance and resistance to different 
strains of a virus. Trifolium pratense 'Bjursele' was shown to be susceptible to 
two strains of BYMV (BYMV-Vf and BYMV-Ps) which caused systemic vein 
chlorosis and yellowing, but another strain (BYMV-G) did not cause symptoms 
and could not be detected by ELISA. Phaseolus vulgaris was inoculated with 
the same strains but only BYMV-G caused symptoms. L. luteus was susceptible 
to all three strains which caused systemic green mosaic symptoms (Valkonen, 
1993). 
Appropriate resistance genes may not be available in a plant population. 
Genetic engineering offers a possible route where resistance to a virus may be 
achieved. In the past 10 years a large number of plant species have been 
engineered with viral genes to achieve resistance to the homologous virus, and 
sometimes to related viruses. This phenomenon is known as pathogen-derived 
resistance. 
1.9 Pathogen-Derived Resistance 
1.9 .1 Introduction 
In 1929 McKinney demonstrated that inoculation of tobacco with a mild strain 
of TMV protected the plant against superinfection by a more severe TMV strain 
(McKinney, 1929). This phenomenon is known as cross-protection and has 
been employed against serious viral disease in a number of crops including 
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tomato, papaya, passionfruit and citrus (Beachy et al., 1990; Hull and Davies, 
1992). Yet, this form of protection has disadvantages. It is labour-intensive 
and relies on an infectious virus as a control measure. Even infection with a 
mild strain of virus may result in significant yield loss. Another problem is that a 
virus which confers cross-protection to one crop could be transmitted to 
another crop and cause a serious disease. There is also the potential for an 
avirulent strain to mutate into a more virulent form within a host (Alrefai and 
Korban, 1995). 
In 1985, a concept which was termed 'parasite-derived resistance' was proposed 
where it was envisioned that the expression of a parasite gene product at 
inappropriate times within the host would perturb the ability of the parasite to 
maintain an infection (Sanford and Johnston, 1985). A year later it was shown 
that transgenic plants expressing the CP gene of TMV delayed TMV disease 
symptoms (Powell-Abel et al., 1986). Other reports quickly followed, 
confirming that the CP gene of other viruses also conferred resistance to the 
homologous virus when expressed in transgenic plants. This phenomenon has 
become commonly known as pathogen-derived resistance (PDR) or homology­
dependent resistance. Non-structural virus genes have also been shown to 
confer virus resistance in plants, including replicase genes, movement protein 
genes, protease genes, a 3' untranslated region, and several others. In fact, any 
part of a plant viral genome may potentially give rise to PDR (Lomonossoff, 
1995). 
Although PDR has been traditionally applied to plants, there is now evidence 
that the same strategy works in another biological system. Mosquito cells 
expressing the full-length premembrane coding region of dengue type virus 2, 
in sense and antisense orientations, were completely resistant to the virus 
(Gaines et al., 1996). 
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1.9.2 Coat protein genes 
Nine years after the work of Powell-Abel et al (1986), there were more than 70 
reports of genetically engineered virus resistance in plants. The majority of 
these reports have involved transfer of viral CP genes. Resistance derived from 
CP genes has become known as coat protein-mediated resistance. The CP 
gene of at least 23 viruses from 13 virus groups have been used to genetically 
engineer plants, with 9 examples from the potyviruses (Grumet, 1995). Since 
then other reports have been published including one utilising the BYMV CP 
gene in N. benthamiana (Hammond and Kamo, 1995). 
Generally, resistance has been obtained towards the virus strain from which the 
transgene was isolated, or to closely related strains (Baulcombe, 1994 ). 
Resistance to more distantly related viruses has been only rarely achieved with 
a single transgene (Namba et al., 1992). In order to develop transgenic plant 
lines with resistance to more than one virus, vectors harbouring more than one 
CP gene species have been developed. Dual resistance was attained in 
transgenic potatoes expressing CP genes of potato viruses X and Y (Kanieswki 
et al., 1990), and in transgenic hybrid squash expressing CP genes of ZYMV 
and WMV2 (Fuchs and Gonsalves, 1995). One case of triple virus resistance in 
transgenic squash was reported where the CP genes of ZYMV, WMV2 and 
CMV were combined in one binary plasmid (Tricoli et al., 1995). These results 
indicate that potentially any number of different CP genes may be expressed in 
crop plants grown where multiple virus infections occur. 
1.9 .3 Replicase genes 
PDR has been achieved for plants transformed with the replicase genes of 
several viruses (Table 1.6). Replicase constructs have been shown to induce 
broad spectrum resistance, for example expression of the TMV replicase 
conferred resistance to several tobamoviruses in tobacco (Donson et al., 1993), 
and narrow spectrum resistance, for example, the replicase of a subgroup I 
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CMV strain was effective against members of CMV subgroup I only (Zaitlin et 
al., 1994). 
Table 1.6. Viruses for which replicase gene-mediated resistance has been achieved. 
Virus Reference 
TMV (Golemboski et al., 1990) 
Pea early browning virus (MacFarlane and Davies, 1992) 
(PEBV) 
CMV 
Potato virus X (PVX) 
Cymbidium ringspot virus 
(CyRSV) 
CPMV 
Potato virus Y (PVY) 
(Anderson et al., 1992) 
(Hemenway and Braun, 1992; Longstaff et 
al., 1993) 
(Rubino et al., 1993) 
(Brederode et al., 1995) 
(Sijen et al., 1995) 
(Audy et al., 1994) 
Tobacco plants expressmg a defective replicase gene based on CMV 
subgroup I were resistant to a wide range of CMV isolates (Anderson et al., 
1992). Experiments in our laboratory have shown that this construct is not 
effective against CMV subgroup II isolates from lupins (Singh, 1996, pers. 
comm.). As a consequence, constructs based on the replicase gene of CMV 
subgroup II are being developed. Both wild-type and defective replicase 
constructs will be tested. Replicase constructs, based on the Nlb gene of 
BYMV-MI have been developed in our laboratory (Loo, 1995). 
1.9.4 Movement genes 
The movement proteins encoded by plant viruses interact with cellular 
receptors and plasmodesmata to allow viral movement between cells, either as 
ribonucleoprotein or virus particles (see above). They may also be involved in 
specificity of vector transmission. Transgenic tobacco plants expressing a non­
functional movement protein of TMV were resistant to infection by TMV 
(Malyshenko et al., 1993). Similarly, the expression of the putative movement 
protein of tomato golden mosaic virus (TGMV) in N. benthamiana reduced 
systemic movement of african cassava mosaic virus (ACMV) (von Arnim and 
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Stanley, 1992). These examples deal with cell-to-cell spread of viruses within 
their host, but most plant viruses, including potyviruses, also encode gene 
products which effect plant to plant spread. In potyviruses, the HC-Pro protein 
is thought to function in this way by binding the virions to the mouthparts of 
aphids (Berger and Pirone, 1986; Lopez-Moya et al., 1995). The HC-Pro genes 
are potential targets for use as tools against vector transmission, but to date 
there have been no reports of these regions being utilised in this way. The CP 
of many plant viruses, including potyviruses, also plays a role in movement 
within the host (Hull, 1989; Dolja et al., 1994; Dolja et al., 1995) indicating that 
expression of CP in transgenic plants may play a role on limiting virus spread. 
1.9.5 Protease genes 
The introduction of the VPg/protease (Nia) gene of two potyviruses, PVY and 
TVMV, have been used to confer resistance in transgenic plants. Post­
translational processing of the potyviral polyprotein by proteases is a critical 
step in their life cycle. N. tabacum was transformed with most of the Nia and 
some of the Nib gene of PVY. Some plants from the T1 and T2 generations 
showed virus resistance. In this case a plant translation initiation signal was 
engineered into the construct so that the transgene would be expressed, 
although protein expression was not proven (Vardi et al., 1993 ). Similarly N. 
tabacum was transformed with the Nia gene of TVMV (TVMV). The protein 
was shown to be expressed, resulting in a high degree of resistance to TVMV, 
but not to two other potyviruses, TEV and PVY (Maiti et al., 1993). 
One of the main aims of the research project reported here was to introduce 
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Maiti et al., ( 1993) transformed N. tabacum with the CP and CI protein genes 
of TVMV. Transgenic plants containing the CP gene showed some degree of 
resistance to all three potyviruses tested. However, plants containing the CI 
gene showed no resistance to TEV, PVY or TVMV. On this basis the authors 
hypothesised that some, but not all, TVMV genes could be used to confer 
resistance towards potyviruses in plants. This differs from the suggestion of 
Lomonossoff ( 1995) that the introduction of any virus gene sequence can 
potentially confer resistance. 
Antisense RNA has been used effectively to regulate chromosomal DNA 
expression in eukaryotic and prokaryotic organisms (Inouye, 1988; Krol et al., 
1988). However, attempts to protect transgenic plants from RNA viruses with 
antisense viral RNA derived from the virus has had limited success. In most 
cases, the introduction of sense RNA transcript has been more effective 
(Couzzo et al., 1988; Hemenway et al., 1988; Fang and Grumet, 1993; Farinelli 
and Malnoe, 1993). In a few instances, significant resistance has been 
observed from antisense RN A, including potato leafroll luteovirus CP 
(Kawchuk et al., 1991), TEV CP (Lindbo and Dougherty 1992a; Lindbo and 
Dougherty 1992b), BYMV CP (Hammond and Kamo, 1995). and tomato 
ringspot virus (TomRSV) CP (Yepes et al., 1996). 
1.10 Mechanisms of Pathogen-Derived Resistance 
1.10 .1 Introduction 
Despite many reports of PDR in transgenic plants, the underlying mechanisms 
of resistance are not well understood. Initially it appeared that expression of 
the transgene at the protein level was necessary for PDR to occur. In an early 
example, constructs were developed containing either a functional TMV CP 
gene or a defective gene. The plants expressing the defective form of the CP 
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but were susceptible to the virus challenge. Plants expressing the functional 
gene were resistant (Powell et al., 1990). In contrast, many other researchers 
have found that there is no correlation between high transgene protein 
expression and level of resistance (Lindbo and Dougherty, 1992b; Farinelli and 
Malnoe, 1993; Pang et al., 1994 ). In these instances, expression of the 
transgene mRNA alone, and not the protein, seems necessary for resistance to 
be manifested. It thus appears that there are at least two level_s at which a 
transgene may act to confer virus resistance in transgenic plants; at the level of 
the mRNA and its encoded protein. The mechanism which is actually operating 
may be unique to each virus-plant-gene system (Wilson, 1993). 
1.10.2 Protoplast experiments 
PDR appears to operate at the single cell level. Experiments with isolated 
protoplasts from resistant transgenic plants show a resistance phenotype 
(Lomonossoff, 1995). There are even cases where such protoplasts show 
higher resistance than the whole plants from which they were isolated (Hill et 
al., 1991; Lindbo and Dougherty 1992b). Conversely, in one case it was 
reported that transgenic protoplasts did not exhibit the same degree of 
resistance as the parent plant. This result was from tobacco plants containing 
the movement protein of TMV (Malyshenko et al., 1993). Cell-to-cell 
movement is not relevant in protoplasts, so if the resistance is based on 
restriction of movement, and not inhibition of replication, this result can be 
explained. 
1.10.3 Protein-mediated resistance 
In some cases the amount of transgenic protein expressed does relate to the 
degree of virus protection. In the example mentioned above (Powell et al., 
1990) plants transformed with a defective TMV CP gene were not resistant, but 
plants expressing CP were. In another example, CP levels were artificially 
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lowered by ra1smg the temperature in which the plant was grown, and 
resistance to the virus was correspondingly lowered (N ejidat and Beachy, 
1989). Similar results were obtained by heating transgenic plants harbouring 
the CP of CMV (Okuno et al., 1993). Other reported examples where 
resistance apparently correlated with protein expression include AMV (Hill et 
al., 1991; Yusibov and Loesch-Fries, 1995), PVX (Hemenway et al., 1988), rice 
stripe virus (Hayakawa et al., 1992) and tomato yellow leaf curl virus (Kunik et 
al., 1994). Significantly, no potyviruses appear in this group. 
The mechanism of CP mediated resistance is not clear. The .. transgene protein 
may upset the assembly/disassembly dynamics of the infecting virus in favour 
of assembly, inhibiting uncoating and subsequent replication. Transgenic 
plants expressing AMV or TMV CP are resistant to infection by virus particles, 
but are susceptible to viral RNA, indicating that the protection may involve 
inhibition of virus uncoating (Beachy et al., 1990). However, plants expressing 
a mutant CP of AMV lacking the C-terminus, essential for virion assembly, were 
highly resistant; this observation suggests that encapsidation did not have a 
role in virus protection (Yusibov and Loesch-Fries, 1995). It was concluded 
that host components mediate protection, and that these components are likely 
to be ribosomal proteins involved in uncoating during cotranslational 
disassembly. Others have also suggested that the trans gene protein may block 
uncoating receptors within the plant cell (Register et al., 1989; Lomonossoff, 
1995). Transgene CP may also inhibit movement of the virus within the plant 
(Wisniewski et al., 1990). 
1.10.4 RN A mediated resistance 
Recently, considerable interest has been generated by results which support 
PDR based on expression of transgene mRNA. Much of this work has been 
done with potyviruses in Dougherty's laboratory. This group found that 30% 
of transgenic plants expressing an untranslatable form of TEV CP were highly 
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resistant to virus accumulation (Lindbo and Dougherty 1992a; Lindbo and 
Dougherty 1992b ). In a later study with similar constructs, differing from the 
earlier experiments in the 5' untranslated sequence and an enhanced 35S 
promoter, three phenotypes were observed (Dougherty et al., 1994). These 
were: 
1) highly resistant to disease symptoms and virus accumulation;
2) initially susceptible to disease symptoms and virus accumulation but later
able to recover because newly emerging leaves were free from virus and could 
not be subsequently infected; and 
3) susceptible to disease symptoms and virus accumulation.
In plants exhibiting the recovery phenotype, the steady state transgene mRNA 
levels dropped five to eight times after infection with TEV, but nuclear run-off 
assays showed that transcription rates remained virtually the same in both 
infected and uninfected plants. It was proposed that the reduction in steady 
state transcript levels and establishment of virus resistance were connected, and 
that the genome of the invading virus stimulated the cell to degrade both the 
transgene mRNA and homologous viral RNA (Lindbo et al., 1993). Working 
with the related potyvirus PVY, Smith et al (1994) obtained similar results with 
constructs based on an untranslatable CP gene. They proposed a cytoplasmic­
based, post-transcriptional, cellular process that specifically targets and 
destroys certain mRNA species, such as aberrant or foreign mRNA (Fig 1.9). 
This process is triggered when transcripts exceed a critical endogenous level. 
For highly resistant lines they proposed that the mRN A degradation mechanism 
is induced by the presence of the highly expressed transgene alone, whether or 
not the homologous virus RNA is present. 
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Fig 1.9. A model for a potential resistance and sense-suppression mechanism (Modified 
from Smith et al.( 1994)). The transcription rate of the transgene varies with each 
transformation event. Highly resistant plants (left) exhibit high transcription rates that 
exceed a threshold level. This activates an RNA degradation pathway in the cytoplasm, 
resulting in low steady-state trans gene mRNA levels. The recovery phenotype (centre) 
only exceeds the threshold level when homologous vRNA from an invading virus enters 
the cytoplasm. There is a delay before the mechanism is activated, resulting in initial 
symptom development, followed by resistance in new leaves. Plants expressing very 
low levels on transgene mRNA (right) never reach the threshold level, even when 
supplemented with homologous vRNA. 
determining the resistance phenotype. To test this, transgenic plants containing 
different numbers of an untranslatable TEV CP were generated (Goodwin et al., 
1996). This was done by hybridising a heterozygous transgenic N. tabacum 
plant containing three copies of the CP gene with N. africana to produce 
haploid plants. These plants were challenged with TEV. Representatives of the 
three resistance phenotypes ( described above) were chromosome doubled and 
self pollinated. Some of these were crossed with a nontransgenic line to 
produce heterozygotes containing 1, 2, or 3 copies of the transgene. This 
method yielded an array of homozygous and heterozygous plants containing 
either 6, 4, 3, 2, 1, or O copies of the transgene. More than two copies of the 
transgene in any genetic combination usually achieved the highly resistant 
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phenotype. There were also plants that contained a high copy number, but 
were virus-susceptible. These cases may have resulted from gene silencing, in 
which the transgene was "turned off' at the nuclear level. The recovery 
phenotype could be subdivided into "slow" and "rapid" groups. The "slow" 
recovery group contained one copy of the transgene, and the "rapid" recovery 
group contained two copies. However, they found two highly resistant lines 
with only one copy of the transgene. This was presumably due to a positional 
effect where the transgene was inserted in a region of the genome that was 
highly transcribed. This work confirmed previous studies showing that highly 
resistant lines exhibited high transcription levels of the transgene, but low 
steady state RNA levels. This evidence supports the existence of a surveillance 
system which post-transcriptionally degrades certain RNA species. 
Unexpectedly, it was discovered that transgene RNA in some highly resistant 
lines was being cleaved at two discrete sites. These sites were analysed but the 
sequences did not show a consensus sequence or structure. This result is 
perplexing as these sequences or structures must be present in the virus 
genome; but presumably are not targeted by the surveillance system in 
nontransgenic plants where the virus replicates normally. 
1.10.5 Comparison of protein and RNA-mediated resistance m plants 
harbouring the same transgene. 
Different virus-resistant plants transformed with the same transgene may be 
displaying the resistance phenotype through different mechanisms. In one 
example, resistant transgenic plants containing the nucleocapsid (N) gene of 
tomato spotted wilt tospovirus (TSMV) in a translatable form showed either 
high or low transgene mRNA and protein expression (Pang et al., 1993; Pang 
et al., 1994) .. Those exhibiting low transgene mRNA and protein levels were 
highly resistant to TSWV. The resistance was effective when challenged with 
high levels of virus inoculum. These plants showed no resistance against the 
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related impatiens necrotic spot virus (INSV). In contrast, plants transformed 
with the same construct, but expressing high levels of transgene mRNA and 
protein, exhibited only moderate levels of protection to TSWV strains, but also 
showed some resistance to INSV. In the latter case protection was highly 
correlated to virus inoculum strength. In order to determine at what level 
resistance was operating, plants harbouring an untranslatable form of the N 
gene were compared to those expressing the transgene at the protein level. 
Those showing high steady state levels of transgene mRNA were not resistant, 
whilst those showing low levels were highly resistant (Fig 1.10). This result 
strongly indicates that the same construct can promote mRNA-mediated and 
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Fig 1.10. Summary of results from the experiments of Pang et al. ( 1994). Plants 
expressing high levels of TSWV N gene protein (A) exhibited some resistance to 
TSWV, and the related virus INSV. Plants transformed with the same construct, but 
expressing low levels of the protein (B) were highly resistant to TSWV, but susceptible 
to INSV. Plants transformed with the untranslatable N gene construct were susceptible 
to both viruses when the steady-state levels were high (C). They were resistant to 
TSWV, but susceptible to INSV, when the transcript steady-state levels were low (D ). 
These results indicate that both mRNA-mediated and protein-mediated resistance were 
operating in plants from different transformation events expressing the same gene. 
_,.,. 
This research suggested that RNA-mediated resistance only works against 
viruses with highly homologous RNA sequences, in this case 99%. It was 
proposed that the transgene RNA may hybridise to the RNA of the attacking 
virus, preventing replication. However, it was noted that as there was very 
53 
-1. ,-_-, . - . ---- - .,--:-:�::--�cc_-_----- �-[ - ,-f 
little steady state transgene RNA available for hybridisation to the invading 
virus genome, it is likely that other factors are involved. Expression of the 
protein induced a mild, but broad spectrum, form of resistance, whereas with the 
phenotype of low or undetectable levels of mRNA, whether in a translatable or 
untranslatable form, a stronger but more target-specific form of resistance was 
observed. 
1.10.6 RN A degradation mechanism 
The basis of the RNA degradation mechanism is a major area of research at 
present. Tobacco plants have been shown to produce ribonucleases and 
proteases in response to infection by TMV (Lusso and Kuc, 1995). These 
enzymes are pathogenesis-related (PR) proteins but there is no evidence that 
they are stimulated by over �xpression of a transgene. 
A proposal by Lindbo (1993), is that a plant-encoded RNA-dependent RNA­
polymerase (Schiebel et al., 1993) which is stimulated during virus infection, 
makes small negative-sense copies of the constitutively produced transgene 
RNA. These hybridise with homologous virus RNA, making them susceptible 
to degradation by a specific plant ribonuclease. The small antisense molecules 
could be recycled in the cytoplasm and anneal to more target molecules, either 
of transgene or viral origin, as they appear in the cytoplasm. Goodwin (1996) 
showed that the transgene RNA was cleaved at discrete sites, indicating that 
specific sequences are recognised by the degradation mechanism. 
Mueller ( 1995) proposed that the mechanism of homology-dependent 
resistance occurs naturally in plants, and is activated by high-level RNA 
accumulation, either through transcription ( of a trans gene) or virus replication. 
They propose an evolutionary role for an RNA threshold level and suggest that 
a limited amount of viral or transgene RNA accumulation is tolerated by the 
plant cell, but when the threshold level is reached degradation begins. This 
limits the selective pressure on the virus to evade the protection mechanism 
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whilst providing protection to the plant should viral accumulation become too 
high for normal cellular processes to occur. 
1.11 Homology-Dependent Gene Silencing 
1.11.1 Introduction 
Frequently, desirable new phenotypes introduced by trans genes are unstable. 
The introduced DNA is found to be present in the plant, but expression has 
become inactivated or silenced during growth and propagation. This appears 
to be a relatively common phenomenon, although there is little indication of its 
extent in the literature. An informal survey of 30 biotechnology companies 
involved in producing transgenic crop plants showed that nearly all reported 
having problems with unwanted silencing of transgenes (Finnegan and 
McElroy, 1994). In a review article entitled 'Transgene Inactivation: Plants 
Fight Back!', Finnegan and McElroy suggest that plants which show stable 
expression of foreign DNA may be the exception rather than the rule. 
However, there are many examples where the introduction of a homologous 
transgene causes no apparent effect on the expression of either gene, and even 
within an experiment where many clones are obtained from many separate 
transformation events, there may be some clones which exhibit gene silencing 
while others express the transgenes and endogenous genes without 
interference (Matzke et al., 1989). 
Although gene silencing was initially regarded as a single phenomenon, it has 
since become clear that there is more than one mechanism involved. In some 
examples, inactivation seems to occur at the transcriptional level, whilst in 
others it appears to be due to post-transcriptional processes. 
1.11.2 Transcriptional gene silencing 
Transcriptional gene silencing is believed to be a nuclear-based process in 
which transcription is down-regulated. Inactivation of transgenes often 
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correlates with the copy number of the transgene (Meyer, 1995). Numerous 
examples exist where insertion of multiple copies of transgenes leads to loss of 
expression of some or all of the copies of the transgene (Flavell, 1994 ). Gene 
inactivation may be associated with methylation of the DNA through DNA­
DNA pairing (Hepburn et al., 1983; John and Amasino, 1989), and, in at least 
one case, RNA-DNA pairing (Vaucheret, 1993), but it is not known whether 
methylation is a cause or effect of gene inactivation. Methylation can occur 
when multiple copies of the transgene are closely linked or at the same locus 
(concatamers), or at different loci within the genome (Assaad et al., 1993). 
Where genes are tightly linked, such as can result during Agrobacterium­
mediated transfer of genes, methylation may be the result of hybrid chromatin 
formation, and is known as 'cis-inactivation'. 'Trans-inactivation' occurs where a 
gene affects an homologous gene on a different part of the genome. 
Methylation can 'spread' to a non-methylated gene which has been crossed 
into a clone which carries methylated homologous sequences (Fig 1.11) (Meyer 
et al., 1993; Matzke et al., 1994). Treatment of some plants exhibiting gene 
silencing with the demethylating compound, 5-azacytosine, has been shown to 
reverse the inactivation (Klass et al., 1989). In plants, methylation usually 
occurs at the 5-methyl cytosine within GC and GNC target sequences 
(lngelbrecht et al., 1994; Meyer et al., 1994). The cytosine residues may be 
present in the promoter region or the coding sequence. 
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Fig 1.11. Transgenes present as concatamers ( cis), or multiple discrete insertions (trans), 
can be methylated de-novo by a DNA-pairing mechanism . Methylation can "spread" to 
surrounding genes.(Modifiedfrom Meyer, 1995). 
Methylation could be a mechanism for defence against transgenes, transposons 
and possibly DNA viruses (Meyer, 1995; Mueller et al., 1995). 
How plants recognise foreign DNA is not fully understood. Plant genes have 
an 'isochore' structure, based on AT content, that is maintained for coding and 
surrounding regions. The AT content of monocots, dicots, and bacterial genes 
are known to differ. If the isochore content of the transgene DNA is recognised 
as being different from surrounding genes it may be targeted for methylation 
(Matassi et al., 1989; Meyer, 1995). Different isochore composition could 
account for silencing of similar genes taken from different genetic backgrounds. 
Petunia hybrida plants (a dicot) were transformed with a flower pigment gene 
encoding dihydroflavanol-4-reductase (DFR) from either Gerbera (gdfr gene) 
(a dicot) or from Zea mays (Al gene) (a monocot). Both genes were driven by 
identical 35S promoters. Plants carrying multiple copies of the gdfr (dicot) gene 
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were highly pigmented and never methylated, although partial methylation was 
rarely observed in the promoter region. In contrast, plants carrying multiple 
copies of the A 1 gene were poorly pigmented and both the trans gene and 
promoter were methylated (Elomaa et al., 1995). 
Environmental stress can also lead to transgene methylation. In another study 
with P. hybrida transformed with the Z. mays Al gene, white-flowering plants 
transformed with the Al gene displayed a range of flower colours, from deep 
red through to variegated and white. In field experiments with heterozygous 
plants containing one copy of the Al gene, all the pigmented plants responded 
to a period of high light intensity and elevated temperatures by producing 
white or weakly pigmented blooms. Plants grown in parallel in a glasshouse 
under controlled environmental conditions showed no such response over time. 
Inactivation of the Al gene was associated with methylation of the 35S 
promoter region which was triggered by a period of elevated temperatures and 
water stress. Methylation was restricted to the transgene, indicating that the 
foreign DNA was specifically targeted (Meyer et al., 1992). 
High temperatures also resulted in silencing of the phosphinothricin (Basta) 
herbicide resistance gene bar in suspension cultures of Medicago sativa cells. 
Cultures were incubated for ten days at 37°C on non-selective medium and 
95% of the cells exhibited inactivation of the bar gene. These cultures were 
not tested for DNA methylation (Walter et al., 1992). 
1. 11.3 Post-transcriptional gene silencing
Post-transcriptional silencing in a manner probably related to RNA-mediated 
virus resistance, has been shown to occur in transgenic plants. Two theories 
explain post-transcriptional silencing, although they are not mutually exclusive. 
They are the antisense RN A model and the biochemical switch model. The 
antisense RNA model proposes that antisense RNA is produced by the 
silencing gene and this RNA would anneal to the sense mRNA produced by 
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the target gene (Grierson et al., 1991; Kooter and Mol, 1993). There is no 
experimental support for this model although it is supported by instances 
where transgenic plants expressing antisense potyvirus genes show a high 
degree of resistance to homologous virus (Lindbo and Dougherty, 1992a; 
Hammond and Kamo, 1995; Yepes et al., 1996). In the biochemical switch 
model accumulation of the product of the silencing gene acts in a negative 
feedback loop to inhibit further accumulation of the product (Meins and Kunz, 
1994 ). Once a critical level of product is reached the biochemical switch is 
activated and the levels of the gene product may fall below the critical level. 
The autoregulatory product is proposed to be RNA (Matzke and Matzke, 
1993). This model was proposed by Lindbo et. al., (1993) and Smith et. al., 
(1994) to account for RNA-mediated resistance to TEV and PVY. 
1.12 Other Strategies to Engineer Virus Resistance 
1.12.1 Introduction 
Although pathogen derived resistance provides a high degree of protection 
against pathogenic viruses, it appears to be effective only against viral strains 
closely related to the source of the transgene (Baulcombe, 1994). Approaches 
that can endow plants with resistance against multiple plant viruses would be 
advantageous. This could involve "pyramiding" virus genes by transforming 
plants with genes derived from many different pathogenic viruses, as 
mentioned above, or utilising single genes which provide a broad spectrum of 
resistance. These genes may be derived from sources other than virus 
pathogens. 
1.12.2 Ribosome inhibitor 
Transgenic tobacco plants expressing the ribosome-inactivation protein PAP 
(pokeweed anti-viral protein) showed strong resistance against three unrelated 
viruses; PVY, PVX, and CMV. Plants were challenged with PVY by mechanical 
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and aphid inoculation. PVX and CMV were applied by mechanical inoculation. 
Some tobacco lines were completely resistant to PVY and PVX, and partially 
resistant to CMV. However, accumulation of the protein caused deleterious 
effects in some of the transgenic plants, leaving them stunted and mottled 
(Lodge et al., 1993). 
1.12.3 Double-stranded ribonuclease 
Many plant viruses, including potyviruses, have single-stranded RNA genomes. 
They replicate by synthesising a complementary strand and go through an 
intermediate double-stranded RNA (dsRNA) phase in their life cycle. Plants do 
not usually synthesise ds-RNA. An RNAse specific to ds-RNA (pacl) has been 
isolated from the yeast Schizosaccharomyces pombe and expressed in tobacco 
plants. Transgenic plants challenged with three viruses from different 
taxonomic groups: tomato mosaic virus (ToMV), CMV and PVY showed a 
degree of resistance to ToMV and a delay of virus accumulation of CMV and 
PVY (Watanabe et al., 1995). 
1.12.4 Satellites and DI Particles 
Some groups of viruses acquire parasitic nucleic acid sequences which are not 
essential for the normal functioning of the 'host' virus, but can suppress 
symptom development and/or replication of the virus, probably by competing 
for the host's replication machinery. These sequences include satellites and 
defective interfering (DI) particles (Roux et al., 1991; Collmer and Howell, 
1992). Satellites of CMV and TomRSV, and Dis of ACMV, beet curly top virus 
and CyRSV, have been engineered to become expressed by the host when it 
infects the transgenic plant . Symptom development was delayed or the 




Genes encoding mammalian antibodies were first transferred to plants in 1989 
(Hiatt et al., 1989). cDNAs for light and heavy chains of antibodies derived 
from mouse immunoglobulin mRNA were integrated into the genome of 
tobacco plants. Transgenic plants expressing either the light or heavy chains 
were then sexually crossed to yield progeny in which both chains were 
expressed simultaneously. Resulting immunoglobulins were shown to be 
assembled into functional antibodies within transgenic tobacco. 
Recently, transgenic tobacco plants were generated which expressed full sized 
cDNAs of heavy and light chains of a monoclonal antibody to TMV CP (Voss 
et al., 1995). The immunoglobulins were assembled into antibodies and 
exported to the intercellular space where they bound to virions. Fl generation 
plants exhibited some reduction in necrotic lesions in proportion to the level of 
expression of the antibody. 
Virus activity is generally limited to the intracellular spaces, whereas full-length 
antibodies cannot survive the reducing conditions of the plant cytoplasm. As a 
consequence, expression of full-length antibodies to viral components is not 
seen as a viable alternative to virus control in plants. 
1.12.6 Resistant controls 
In one case it was shown that the presence of a virus gene was not required to 
achieve virus resistance (Presting et al., 1995). This group reported that some 
control plants from an experiment to engineer the CP of potato leafroll virus 
(PLRV) into potato plants exhibited a high degree of resistance to the virus. 
Control plants contained only the selectable gene for kanamycin resistance 
(nptl/) and no PLRV-derived genetic material. The resistance was heritable, 
indicating that some aspect of the transformation process, for example 




A) A comparison of a BYMV-infected T. subterraneum plant (left) and a healthy plant
(right). Both plants are the same age. Symptoms of BYMV infection on this species
which are apparent in this photograph include stunting of the leaves and petioles, some
leaf distortion, and areas of chlorosis giving a mosaic appearance. Other symptoms
include stunted roots, distinct vein clearing in early infection of young leaves, and
reduced flowering and seed set.
B) A comparison of a BYMV-infected Phaseolus vulgaris leaf (right) and a healthy leaf
(left). Interveinal chlorosis, chlorotic spots and some stunting is visible.
C) A comparison of a BYMV-infected Vicia faba leaf (right) and a healthy leaf (left).
Chlorotic spots are clearly visible.
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1.12. 7 Ribozymes 
Ribozymes (RNA enzymes) are simple molecules with highly specific 
endoribonuclease activity (Hasseloff and Gerlach, 1988). Ribozymes of the 
"hammerhead" class occur naturally in certain satellite RNAs associated with 
some plant viruses and viroids. Ribozymes normally cleave these satellites 
intramolecularly as part of their replication process (Symons, 1989). 
Synthetic ribozyme genes consist of a 22 or 23 nucleotide catalytic domain 
flanked by sequences complementary to the target region of a RNA virus. 
These molecules can potentially be used to protect transgenic plants against 
viruses. Presently, there are only two reports of ribozymes being utilised 
against viruses. One was a plant virus (TMV) ( de Peyter et al., 1996), and the 
other a human virus (HIV) (Sarver et al., 1990). 15% of transgenic tobacco 
plants expressing three tandem ribozymes against TMV showed a high level of 
resistance to the virus. 
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1.13 Aims of this Research Project 
The main aim of the research presented in this thesis was to develop and apply 
binary vectors, based on the Nia gene of BYMV-MI, in a breeding program to 
introduce BYMV resistance and herbicide tolerance to cultivated Lupinus 
species. 
To achieve this aim, four major steps were followed. These are summarised as 
follows: 
1. To clone and determine the nucleotide sequence of the Nia gene of
BYMV-MI 
2. To develop a range of binary constructs based on the Nia gene for plant
transformation. 
3. To generate transgenic Trifolium subterraneum and Nicotiana
benthamiana plants as model systems for virus resistance and herbicide 
tolerance and to confirm their transgenic nature. 
4. To challenge resulting transgenic plants with BYMV and the herbicide
Basta, and to determine if virus resistance and herbicide tolerance was 
conferred by the transgenes. 
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Chapter 2. General Materials and Methods 
2.1 Plant materials for virus stocks 
Subterranean clover (Trif olium subterraneum L.) cv 'Woogenellup' was used as 
the principal host for BYMV because it grew rapidly in the glasshouse, was 
easily inoculated with BYMV and symptoms of infection were readily apparent 
(Plate 3A). Seed was obtained from Dr .R.A.C. Jones, Agriculture Western 
Australia. Other leguminous hosts, including Phaseolus vulgaris 'Stringless 
Pioneer' (Yates)(Plate 3B), Vicia faba 'Coles Prolific' (Yates)(Plate 3C), and 
Pisum sativum 'Telegraph' (Yates), were grown from seed and infected with 
B YMV at the second true leaf stage. 
Seeds were planted in 'Target Premium Potting Mix', a peat/sand mix (pH 5.5) 
containing a slow-release fertiliser. The plants were grown in a glasshouse 
under natural light, and in the cooler months, under natural temperature 
conditions. In the hotter summer months evaporative coolers were employed to 
maintain the temperature in the range of 25-30°C, although temperatures 
sometimes rose above 30°C due to high ambient temperatures or cooler 
malfunctions. Watering was by automatic misting or dripper for 10 min per day 
during the cooler months, and more frequently as necessary during the summer 
months. Plants were fertilised with a sprinkling of Osmocote granules (Yates) 
every six weeks, and an application of Thrive (Yates) liquid fertiliser 
approximately every two weeks according to manufacturers instructions. 
2.2 Virus isolate and inoculation of host plants 
Subterranean clover plants infected with isolate BYMV-MI (originally isolated 
from Melilotus indica) were obtained from Dr. R.A.C. Jones, Agriculture 
Western Australia. Inoculation of healthy plants with BYMV was achieved by 
sap inoculation. 
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Approximately 20g of infected tissue was ground in a chilled mortar and pestle 
before adding 20ml of chilled inoculation buffer (0.lM KHPO4 buffer, pH 7.4 ) 
and 0. lg of silicon powder (Filter Aid, BRL Univar) to act as an abrasive. This 
mixture was immediately applied to young host plants in their second true-leaf 
stage (3-4 weeks old). The inoculation mixture was gently rubbed onto the 
upper leaf surface with the forefinger, taking care not to cause excessive 
damage. After 5 min, the inoculum was washed from the leaves and the plant 
was watered. A wet polythene bag was placed over the plant for 24 hours to 
prevent excessive dehydration through the damaged cuticle. 
Symptoms became apparent on the young leaves 10-14 days post-inoculation 
(pi). 
2.3 Virus purification 
Two methods were used to isolate BYMV. The first method (Hammond and 
Lawson, 1988) used gave poor yields, subsequently a second method (Cassidy, 
1994) was employed. In both methods, tissue was collected from new leaves of 
infected subterranean clover plants approximately 30 days post-inoculation. 
All procedures were carried out on ice or at 4°C unless otherwise specified. 
2.3 .1 Virus purification method I 
This method was slightly modified from that of Hammond and Lawson (1988), 
on the advice of Dr. Ian Cooper (1993, pers. comm.). 
200g of freshly harvested tissue was mixed with 3 vol of 0.5M KHPO4, pH 8.4 
containing 0.5% (w/v) Na2SO3 , and homogenised in a Waring blender for 30 
sec. The homogenate was filtered through two layers of cheesecloth and the 
filtrate centrifuged at 3300 x g for 10 min in a GSA rotor (Sorvall). The 
supernatant was collected and 2% Triton X-100 added. The mixture was stirred 
for 15 min before the addition of l00mM NaCl and 4% polyethylene glycol 
(PEG), average MW 8000 (Sigma). Following stirring for a further 1 h, the 
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mixture was divided into centrifuge tubes and centrifuged at 8000 x g in a GSA 
rotor for 10 min. The supernatant was carefully poured off and discarded. The 
pellets were resuspended in 5.0ml BK buffer (0.lM boric acid, 0.lM KCl, 
adjusted to pH 8.0 with NaOH) by gently stirring until uniformly suspended. 
These suspensions were combined into one centrifuge tube and centrifuged at 
8000 x g for 10 min. The supernatant was aspirated and immediately mixed 
with Cs2SO4 at the rate of 8.3ml of virus suspension to 1.6g Cs2SO4 and 
carefully layered on 1.6ml of 53% (w/v) Cs2SO4 cushion in a polyallomer 
ultracentrifuge tube (part No. 355537, Beckman). Centrifugation was carried 
out in a Beckman SW 40Ti rotor at 85000 x g for 20h. The virus band was 
visible as a narrow translucent layer 1.5-2.0 cm above the bottom of the tube. 
The virus band was removed with a pasteur pipette, diluted with 10 vol of BK 
buffer, and pipetted into a polyallomer ultracentifuge tube (part No. 345830, 
Beckman). The virus was pelleted by high speed centrifugation (150000 x g) in 
a Beckman 70Ti rotor for 2 h. The supernatant was immediately aspirated and 
the virus pellet resuspended in 50µ1 of diethylpyrocarbonate (DEPC)-treated 
(Sigma) water. DEPC-treated water was prepared by mixing 1.0ml DEPC with 1 
litre of sterile, distilled water and allowing the mixture to incubate overnight at 
room temperature. The following day the treated water was autoclaved for 20 
min and chilled prior to use. 
2.3.2 Virus purification method II 
The second method of virus purification was obtained from Dr. Brandt Cassidy 
(1994, pers. comm., Samual Roberts Noble Foundation, Oklahoma, U.S.A). This 
method resulted in a higher yield of virus than the method of Hammond and 
Lawson (1988) described above. 
200g of plant tissue was homogenised in a Waring blender for approximately 1 
min in 300ml chilled extraction solution containing K2HPO4 buffer (0.5M, pH 
7.0), I.OM urea (BRL Univar), 0.5% sodium thioglycolic acid (Sigm�), l0mM 
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sodium DIECA (Sigma). To this homogenate was added 400ml chloroform 
(Analar) and the mixture blended for a further min. The emulsion was 
centrifuged in a GSA rotor (Sorvall) at 4000 x g for 15 min and the supernatant 
collected. To this was added 250mM NaCl and 4% PEG MW 8000 (Sigma), 
and the mixture stirred slowly for 1 h. The precipitated virus/PEG complex was 
collected by centrifugation in a GSA rotor for 15 min at 4000 x g. The pellet 
was resuspended in 100ml of 0.5M KPO4 (pH 7.0) I I.OM urea buffer. Triton X-
100 was added to 1 % and stirred slowly for 2 h. Following centrifugation in a 
GSA rotor for 15 min at 4000 x g, the supernatant was collected and the virus 
reprecipitated by the addition of NaCl (250mM) and PEG MW 8000 (4%) and 
stirred slowly for 1 h. The virus was collected by centrifugation for 15 min in a 
GSA rotor at 4000 x g. The pellet was resuspended in 8ml of KPO4/urea buffer 
and 1.6g of Cs2SO4 (Sigma). This solution was carefully layered over 1ml of 
53% (w/v) Cs2SO4 in water in a polyallomer ultracentrifuge tube (part No. 
355537, Beckman). This was centrifuged in a Beckman SW 40Ti rotor for 20 h 
at 200000 x g. The virus band was collected in as small a vol as possible and 
diluted 10 X with KPO4/urea buffer. The mixture was centrifuged in an 
oak.ridge tube in a SS34 rotor at 12000 x g, and the supernatant transferred to a 
polyallomer ultracentrifuge tube (part No. 345830, Beckman). The virus was 
pelleted through centrifugation at 300000 x g for 1 h in a 70Ti rotor (Beckman) 
and resuspended in 20mM Tris buffer pH 7.0 made from DEPC-treated water. 
2.3.3 Measuring virus concentration 
All virus concentrations were estimated spectrophotometrically in a Pharmacia 
LKB Ultrospec III by measuring absorbence at 260nm. Calculations were 
based on an OD260 of 1.0 = 2.5mg/ml (Hammond and Lawson, 1988). 
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2.3.4 Electron microscopy of purified virions 
After virus purification, an aliquot was used for negative staining and electron 
microscopy to confirm that the virions conformed to the expected potyvirus 
morphology (flexuous rods, 700-900nm in length). Two hundred mesh copper 
grids were coated with 0.35% formvar in 1-2-ethylene dichloride for 1 min. A 
drop of purified virus preparation was added to the film, and to this, a drop of 
water saturated with urany 1 acetate was added. After 1-2 min excess fluid was . 
drained off by tilting the grid onto an absorbent filter paper. Preparations were 
examined using a Philips 301 transmission electron microscope. 
This work was done in collaboration with Dr. Ian Cooper (Oxford University) 
and Peter Fallon (Murdoch University). 
2.4 RNA preparation from purified virus 
All solutions used in RNA preparation were treated with DEPC or made from 
DEPC-treated water in order to eliminate RNases. All disposable plastic-ware 
used was taken from freshly opened packets and autoclaved (121 °c; 115psi) 
for 20 min prior to use. Vinyl gloves taken from a freshly opened packet were 
worn at all times when preparing solutions or handling plastic ware. Gloves 
were changed frequently in order to minimise the risk of contamination. All 
procedures were carried out at 4°C unless specified. 
Purified virus was gently mixed with proteinase K (Sigma) to a final 
concentration of 50 µg/ml and 0.1 % SDS and incubated at 37°C for 1 h. 
Following incubation, 1 vol of phenol:chloroform:isoamylalcohol (24:24:2) 
(Fluka, BRL Univar, Sigma respectively) was added and mixed by inverting the 
tube several times. The phases were separated by centrifugation for 2 min at 
12000 x g in a bench-top centrifuge. The aqueous phase was removed and the 
procedure repeated with chloroform:isoamylalcohol (24: 1) to remove any 
residual phenol. The RNA was precipitated by adding 0.5 vol of 1 OM 
ammonium acetate, pH 5.2, and 2 vol of cold ethanol, incubating on ice for 15 
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min followed by 15 min centrifugation at 12000 x g. The solution was carefully 
aspirated and the pellet washed with 1ml cold 70% ethanol, vacuum dried and 
resuspended in 10µ1 RNase-free water. The concentration was estimated by 
quantifying spectrophotometrically. Calculations were based on an OD260 of 
1.0 = 40.0 mg/ml (Sambrook et al., 1989). RNA was stored under 2 vol ethanol 
at -86°C and reprecipitated by adding 1 vol 1 OM ammonium acetate and 
centrifuging at 12000 x g for 15 min. 
2.5 Reverse transcription-polymerase chain reaction (RT-PCR) 
RT-PCRs and PCRs were carried out using either a Perkin Elmer Cetus DNA 
Thermal Cycler (model TC 1) or the Perkin Elmer PCR System 2400 Thermal 
Cycler in 0.5ml or 0.2ml reaction tubes (Treff) respectively. The Perkin Elmer 
GeneAmp RNA PCR kit was used for all RT-PCRs. The reaction conditions 
described below are modified from those given in the protocol provided by the 
manufacturers of the kit. 
RT-PCRs were carried out under the conditions described in Table 2.1 (RT step) 
and Table 2.2 (PCR step), although 0.5 or 0.25 vol were sometimes used. 
Table 2.1. Typical reaction conditions used in the reverse-transcription step of a 
RT- PCR 
Comnonent Stock Vol (µI) Final 
Concentration Concentration 
MgC}i 25mM 4.0 5.0mM 
l0x PCR Buffer 500mMKCl 2.0 50mMKCl. 
l00mM Tris-HCI l0mM Tris-HCI 
Nucleotides l0mM each 2.0 each 1.0mM 
RN ase Inhibitor 20u/µl 1.0 1.0u/µl 
Reverse 50u/µl 1.0 2.5u/µl 
Transcriptase 
(M-MLV) 
'Downstream' l0pmoVµl 1.0 1 0pmol/20µ1 rxn 
primer 
RNA 0.5µg/µl 2.0 1.0µg 
Water to 20µ1 
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When the Perkin Elmer Cetus DNA Thermal Cycler was used, a drop of liquid 
paraffin oil was placed on top of the reaction. When the Perkin Elmer PCR 
System 2400 Thermal Cycler was used, this step was omitted. The following 
cycling conditions were commonly applied: 
420c 1 h 
990c 5 min 
40c hold 
1 cycle. 
Typically, the PCR step of the reaction was carried out under the conditions 
described in Table 2.2, by adding these reagents as a master mix directly to the 
tube containing the RT reaction mix (above). Pfu (Pyrococcus furlosis ) DNA 
polymerase (Stratagene) was added to increase fidelity during amplification (see 
"High Fidelity PCR" below). 
Table 2.2. Typical reaction conditions used in the polymerisation chain reaction step of 
a RT-PCR. 
Comnonent Stock Vol (µI) 
Concentration 
MgCh 25mM 4.0 
l0x PCR Buffer 500mMKCl 8.0 
lO0mM Tris-HCI 
AmpliTaq and 5.0:0.125u/µ1 0.05 
PfuDNA 
polymerases 
DMSO 100% 2.0µ1 
'Upstream' primer l0pmol/µ1 1.0 
Water to 100µ1 
Typical cycle conditions were as follows: 
940c 10 s 
600C 1 min 
72°C 1 min per kb amplified DNA 











2.6 Polymerase chain reaction (PCR) 
PCRs were carried out with either the GeneAmp® PCR Reagent Kit with 
AmpliTaq® (Thermus aquaticus) DNA Polymerase (Perkin Elmer), or with Tth+ 
DNA polymerase, 25mM MgCl2, l0x or Sx polymerisation buffer and 
nucleotides from Biotech International (Perth). 
'Diagnostic PCR' conditions (Table 2.3) were developed as a relatively 
inexpensive way to verify the presence or absence of a particular gene. For 
example, these reaction conditions were used as a preliminary screen of 
putatively transformed bacteria (E. coli and A. tumefaciens) and putatively 
transformed plants. 'Diagnostic' PCRs differed from 'high fidelity' PCR in the 
low reaction volume (10µ1) and the lack of 'proof-reading' DNA polymerase. 
These PCR conditions were not used to produce DNA fragments for 
sequencing or cloning (see "High Fidelity PCR" below). 
Table 2.3. Typical 'diagnostic' PCR conditions. 
Component Stock Vol {µI} Final 
Concentration Concentration 
MgC}i 25mM 0.8 2mM 
l0x PCR Buffer 500mMKCl 1.0 50mMKCl. 10 
lO0mM Tris-HCI mM Tris-HCl 
dNTP Mix l0mM 0.8 lmM each dNTP 
Taq or Tth+ DNA 5.0u/µl or 5.Su/µl 0.05 0.25u/10µ1 
polymerase respectively reaction, or 
0 .27 Su/1 0µl 
reaction 
respectively 
'Upstream' and lOpmol/µl 1.0 each 1.0pmol each/10µ1 
'Downstream' reaction 
primers 
Template 1-l0ng/µl 0.20 0.2-2.0ng/10µ1 
Water to 10µ1 
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The following cycling conditions were commonly applied: 
940c 30 s 
60°C 2 min 
72°C 1 min + 1 min per kb amplified DNA 
for 30 cycles. 
2.6.1 High fidelity PCR 
Taq DNA polymerase has been shown to misincorporate nucleotides in the 
range of about 1 per 10000 base pairs per cycle (Barnes, 1994). This low level 
of misincorporation could potentially cause problems where PCR products are 
used to produce clones for expression or sequencing. Pfu polymerase 
possesses a 3' to 5' exonuclease, or "proofreading," activity which removes 
misincorporated nucleotides. Because PCR products were used in this project 
for both sequencing and cloning into plant expression vectors, a Taq/Pfu 
(Perkin Elmer/Stratagene) or Tth+/Pfu (Biotech International/Stratagene) 
polymerase mixture was utilised for amplifying DNA for these purposes (Table 
2.4). 
Table 2.4. 'High Fidelity' PCR conditions. Reaction volumes of 50-1 OOµl were used 
Component Stock Vol {µI} Final 
Concentration Concentration 
MgCl2 25mM 0.8 2mM 
l0x PCR Buffer 500mMKC1 1.0 50 mMKC1. 10 
l00mM Tris-HCl mMTris-HCl 
dNTPMix l0mM 0.8 lmM each dNTP 
AmpliTaq or Tth+ 5.0:0.125u/µ1 or 0.05 0.25 :0.006u/l 0µl 
withPfu DNA 5 .5 :0 .125u/µJ rxn or 
polymerase respectively 0.275:0.006u/10 
µl rxn 
DMSO 100% 0.3 2.0% 
'Upstream' and l0pmol/µl 1.0 each l.0pmol each/I 0µl
'Downstream' rxn
primers 
Template 1-l0ng/µ1 0.20 0.2-2.0ng/µ1 
Water to 10µ1 
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The following cycling conditions were commonly applied: 
940c 10 s 
60°C 1 min 
72°C 1 min + 1 min per kb amplified DNA 
for 30 cycles. 
High fidelity PCR products which were to be cloned into pGEM-T were 
purified immediately (see below). This was done to ensure that the Pfu 
polymerase did not remove the 3' terminal deoxyadenosines added by Taq 
polymerase from all the synthesised DNA strands. The 3'-terminal 
deoxyadenosine is essential for cloning into pGEM-T. 
2.7 DNA precipitation 
DNA was precipitated in the presence of 2.5M ammonium acetate and either 2 
vol of absolute ethanol or 0.6 vol of isopropan-2-ol (Sigma). The mixture was 
either left at room temperature, or on ice, or at -20°C for a period of up to 1 h 
before centrifugation at 14000 x g for 15 min in a Jouan bench-top microfuge. 
The supernatant was removed and the pellet washed with 70% ethanol before 
vacuum drying and resuspending in water or TE buffer. 
2.8 Cloning 
2.8.1 Restriction digest of plasmid DNA 
100-500ng of plasmid DNA was resuspended in 5µ1 of water. This was
incubated for 1-4 h with 1-1 Ou of appropriate restriction enzyme, in the 
presence of lx restriction enzyme buffer as recommended by the manufacturer. 
Generally, reactions were carried out in a volume of 20µ1. 
2.8.2 Alkaline phosphatase treatment 
Calf Intestinal Alkaline Phosphatase (CIAP) (Promega) was used according to 
manufacturers instructions. 
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Reactions were carried out under the following conditions: 
Restricted plasmid DNA (100-lOOOng) 
CIAP 1 OX buff er 
20µ1 
10µ1 
- - - _- -__ - - - -_ - _' ,-- -- - _- -..1:..-- -_ -_ -- -------- - --
-� 
CIAP (Biotech Internatio=na=l ...... ) -------=-0 •;;..;;;;.0-=1..;;.;.;u/-rp=m=o;.;;.l...;;;.e=nd=s 
Water to 100µ1 
The reaction was incubated at 3 7°C for 60 min. The CIAP was removed by 
digestion with a-protease (Biotech International) at 70 °C for 10 min. The a-
protease was inactivated by adding Ix EGTA Stop Buffer (Biotech 
International) and incubating at 70 °C for a further 5 min. The DNA was 
extracted by adding 1 vol of phenol:chloroform:isoamylalcohol (24:24:2), 
vortexing and centrifuging 12000 x g for 2 min. The top phase was extracted 
with chloroform/isoamyl-alcohol. The DNA was concentrated by ethanol
precipitation, washed with 70% ethanol, and resuspended in 1 Oµl water. 
2.8.3 Ligation
The amount of vector and insert were quantified and appropriate amounts of 
each were mixed in an appropriate molar ratio according to the following 
equation (Promega Technical Bulletin No. 150). 
[
ng of vector x size of insert
] [molar ratio of inser� __ 
. 
kb size of vector X vecto� = ng of insert
All ligation reactions contained T4 DNA ligase (3 Weiss u/µl) and lOx ligase
buffer (Biotech International). 
Ligation reaction conditions were as follows: 
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Appropriately digested and prepared vector 5 Ong 
Appropriate amount insert 
1 Ox T 4 ligase buff er* 





The mixture was incubated overnight at 14°C. 









Ligase 1 Ox buffer was always stored as aliquots at -86°C. 
2.8.4 pGEM-T: cloning and transformation of E. coli 
The vector pGEM-T (Promega) was used extensively to clone PCR products. 
Essentially, pGEM-T is pGEM-5Zf(+) (Promega) digested with the restriction 
endonuclease EcoRV, and a 3'-terminal thymidine (T) added to both ends. 
These single 3'-T overhangs anneal to the single deoxyadenosine present on 
many PCR products, due to the non-template dependent addition of a 3'­
terminal adenine (A) by Taq and Tth+ DNA polymerases. Ligation conditions 
were as described above. This reaction mix was used to transform chemically­
competent E. coli (below), which were screened for blue/white colour on 
ampicillin LB plates coated with 20µ1 of 50mg/ml X-Gal (Progen) and 100µ1 of 
1 OOmM IPTG (Pro gen). Blue and white colonies were screened for inserts 
(below). 
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2.9 Plasmid transformation of bacteria 
2.9.1 Preparation of chemically-competent JM109 and DH5a E.coli cells 
The method used to prepare chemically-competent E coli cells was essentially 
that described in the 'Promega Protocols and Applications Guide', 2nd ed. 
(1991). All procedures were carried out under aseptic conditions. 
E. coli cells, strain JM109 or DH5a, were streaked on M9 minimal medium
plates (6.0g Na2HPO4, 2.0g KH2PO4, 0.5g NaCl, 1.0g NH4Cl, 2.0ml lM MgSO4 
solution, 0.1ml lM CaCh solution, 10.0ml 20% glucose solution, 1.0ml lM 
thiamine-HCl solution per litre) and incubated at 37°C for 24-48 h. A single 
colony was used to inoculate 10ml of LB medium (10g bactotryptone (Difeo), 
10g NaCl, 5g yeast extract (Becton Dickonson), pH 7.0, and allowed to grow 
overnight at 37°C on a shaker (250 rpm). The following morning 5ml of this 
culture was aliquoted into a 2 litre flask containing 500ml of LB medium at 
37°C. The culture was shaken at 200 rpm until the OD600 reached 0.45-0.55 
( ~2.5 h). The culture was chilled on ice for 2 h and the cells pelleted by 
centrifugation at 2500 x g for 20 min at 4°C in a Beckman JA14 rotor. The 
cells were gently resuspended in 10ml of freshly prepared, chilled trituration 
buffer (l00mM CaCh, 70mM MgCh and 40mM sodium acetate) which had 
been filter sterilised. Following resuspension, a further 500ml of trituration 
buffer was added to the cells. The mixture was incubated on ice for 45 min 
before centrifugation at 1800 x g for 10 min at 4°C. The cells were gently 
resuspended in 50ml of chilled trituration buffer and sterile 80% glycerol was 
slowly added until a final glycerol concentration of 15% (v/v) was reached. 
The mixture was gently swirled while adding the glycerol. Cells were either 
used immediately, or frozen (see below) for later use. 
2.9.2 Transformation of chemically-competent E.coli cells 
A 200ml aliquot of chemically-competent E. coli cells was thawed in ice. 
Typically 1-l0ng of purified plasmid DNA, or 25-100 ng of DNA from a ligation 
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reaction was added to the cells, and incubated on ice for 1-3 h. The cells were 
then subjected to a 45 sec heat shock at 42°C, and immediately transferred 
back to ice for a further 1-3 h. 800µ1 of LB medium was then added and the 
cells allowed to recover for 1 h at 37°C. The cells were plated on an LB agar 
plate containing the appropriate antibiotics. If blue/white colour selection was 
available, the plate was coated with a mixture containing 20µ1 of 50mg/ml X­
Gal solution and 100µ1 of 1 00mM IPTG solution and allowed to dry uncovered 
at 37°C for 30 min prior to plating cells. Cells were grown on an inverted plate 
at 37°C overnight. 
2.9 .3 Preparation of electro-competent A. tumefaciens cells 
A. tumefaciens strains AGL0 ( obtained from Dr. Penny Smith, University of
Western Australia, UW A) and AGLl ( obtained from Division of Plant Industries, 
CSIRO, Canberra) were normally used for T. subterraneum 1 and 
N. benthamiana transformation. Strain LBA4404 ( obtained from Dr. Deborah
Samac, United States Department of Agriculture, Plant Science Research Unit, 
Minnesota) was also used in N. benthamiana transformation. A. tumefaciens 
cells were streaked on GYPC agar (glucose 2g, yeast extract 2g, KPO4 buffer 
pH 7 .0, 15mM, casein amino acids (Sigma) 2g) or LB agar plates containing 
50mg/L rifampicin and incubated for 48 h at 28°C. A single colony was used 
to inoculate 10ml LB containing 50mg/L rifampicin in a 30ml McCartney bottle 
and shaken at 230 rpm overnight at 28°C. Five millilitres of these cells were 
added to 500ml of modified LB medium consisting of 5g bactotryptone, 2.5g 
yeast extract and 0.5g NaCl, pH7.0. This was shaken in a 2 litre flask at 230 
rpm, 28°C, until the A600 reached 0.45-0.55. The cells were chilled on ice for 1 
h and collected by centrifugation in a cold JA14 rotor (Beckman) at 2000 x g 
for 10 min at 4°C. The pellet was drained and gently resuspended in 500ml of 
ice cold sterile water containing 10% glycerol. The cells were collected as 
above and the pellet was resuspended in 200ml of 10% glycerol as before. This 
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procedure was repeated three more times, resuspending in 100ml, 50ml, and 
20ml of 10% glycerol. Aliquots of 50µ1 were frozen in liquid nitrogen and 
stored at -86°C. 
2.9 .4 Electroporation of electro-competent A. tumefaciens cells 
A. tumefaciens cells were taken from -86°C storage and thawed on ice. 0.5
-2.0ml (1-l0ng) of low ionic strength plasmid DNA was added to 50µ1 of
electro-competent cells and gently mixed. The mixture was left to sit on ice for 
1-2 min before pipetting into an ice cold 0.1cm electroporation cuvette (Bio­
Rad). The cuvette was tapped to ensure that the cells were at the bottom of the 
chamber. Electroporation was carried out with a Bio-Rad Gene Pulser™ set at 
1.8kV and 2.5µFD and a Bio-Rad Pulse Controller set to 200Q. The cells were 
subjected to one pulse. The time-constant reading was 4-5 milliseconds, 
depending on the amount of plasmid DNA. Immediately following -
electroporation 1ml of SOC medium (2% Bacto tryptone, 0.5% Bacto yeast , 
extract, l0mM NaCl, 2.5mM KCl, l0mM MgC12, l0mM MgSO4, 20mM glucose) 
was added to the cuvette and the cells gently transferred to a 1.5ml 
polypropylene tube and incubated at 28°C for 1 h. The tubes were inverted. 
several times during this recovery period. Following recovery, the cells were , 
centrifuged at 5000 x g for 30 sec and 950µ1 of supernatant removed. The 
pellet was resuspended in 100µ1 LB and spread onto a selective LB plate and· 
incubated at 28°C until colonies became visible, usually 48-72 h later. 
2.9.5 Glycerol stocks of bacterial clones 
Glycerol stocks were made of bacterial clones or competent cells for long-term 
storage. For storage of clones, 0.5ml aliquots of cells from an overnight culture 
were mixed with 1 vol sterile 30% glycerol, snap frozen in liquid nitrogen, and 
stored at -86°C. 
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2.10 DNA purification 
Plasmids were isolated from A. tumef aciens or E. coli on a large scale for 
cloning or sequencing, or, more commonly, on a small scale for checking the 
presence of a cloned fragment and its orientation. 
2.10.1 Large scale plasmid prep. 
This procedure was modified from Promega Protocols and Applications Guide, 
2nd ed. (1991). A single bacterial colony was taken from a plate and used to 
inoculate 10ml LB medium containing suitable antibiotics. This was grown 
overnight at either 28°C (A. tumefaciens), or 37°C (E. coli). The culture was 
added to a 2 litre flask containing 500ml LB and appropriate antibiotics. This 
was incubated with vigorous shaking for several hours or overnight. The cells 
were chilled on ice for 30 min and harvested in a Sorvall RC-28S centrifuge (Du 
Pont) in a GSA rotor at 2500 x g, 4°C, for 15 min. The cells were drained and 
resuspended in 6 ml cold lysis buffer (25mM Tris-HCl, pH8.0, l0mM EDTA, 
50mM glucose). Twelve ml of freshly prepared alkaline solution (0.lN NaOH, 
1 % SDS) was added and carefully mixed. Following this, 7 .5ml of cold 
neutralisation buffer (3M sodium acetate, pH 4.6) was added and the mixture 
incubated on ice for 5 min. The lysate was then centrifuged in a Sorvall RC-
28S centrifuge in a SS34 rotor at 14000 x g, 4°C, for 15 min. The supernatant 
was transferred to another tube to which DNase-free RNase A (Boehringer 
Mannheim) was added to a final concentration of 20µg/ml. The tube was 
incubated at 37° C for 3 0  min before extracting once with 
phenol:chloroform:isoamylalcohol (24:24:2), and once with 
chloroform:isoamylalcohol (24: 1) as described by Sambrook et al (1989). The 
plasmid DNA was precipitated with 2 vol of ethanol at room temperature for 5 
min. The plasmid was precipitated by centrifugation at 16000 x g in a SS34 
rotor, 4°C, for 20 min, and the pellet washed in 70% ethanol. The pellet was 
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dried and resuspended in 200µ1 TE buffer. The DNA was stored in aliquots at 
-20°C or -86°C.
2.10.2 Small scale plasmid prep 
This procedure was modified from Sambrook et al (1989). A 30ml McCartney 
bottle containing 10ml of LB medium and appropriate antibiotics was 
inoculated with a single colony of bacteria and shaken (230 rpm) overnight at 
the appropriate temperature. The culture was transferred to a 10ml disposable 
centrifuge tube and pelleted in a bench-top centrifuge at 6000 x g for 10 min at 
room temperature. The pellet was drained then gently resuspended in 100µ1 of 
chilled lysis buffer (25mM Tris-HCl, pH 8.0, l0mM EDTA, 50mM D-glucose). 
The suspended cells were transferred to a 1.5ml centrifuge tube and 200µ1 of 
freshly prepared alkaline solution (0.2N NaOH and 1 % SDS) added. The tubes 
were inverted several times and 150µ1 of chilled neutralisation solution 
(prepared by mixing 60ml of SM potassium acetate solution, 11.5ml of glacial 
acetic acid and 28.5ml H2O) was added. The tubes were incubated on ice for 5 
min then centrifuged for 10 min, 14000 x g, 4°C. A final concentration of 
20µg/ml of DNase-free RNase A (Boehringer) was added to the supernatant 
and incubated at 37°C or room temperature for 30 min. The solution was 
extracted once with phenol:chloroform:isoamylalcohol (24:24:2), and once with 
chloroform:isoamylalcohol (24:1) as described by Sambrook et. al., (1989). The 
plasmid DNA was precipitated by adding 0.6 vol of isopropan-2-ol and 
incubating at room temperature for 5 min. The plasmid was pelleted at 14000 x 
g for 15 min at 4°C in a Jouan bench-top centrifuge. The pellet was washed in 
70% ethanol then vacuum dried. The pellet was resuspended in 50µ1 of water 
or TE buffer and stored in aliquots at -20°C or -86°C. 
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2.10.3 Further purification of plasmid DNA 
Up to 5µg of plasmid DNA extracted by either large scale preps or small scale 
preps was further purified with the Wizard™ DNA Clean up System (Promega) 
according to the protocol supplied with the kit. The plasmid was suspended in 
50µ1 of water in a 1.5 ml centrifuge tube. 1ml of Wizard™ DNA clean-Up Resin 
was then added and gently mixed. After 1 min the mixture was added to a 
2.5ml syringe and gently pushed through a Wizard™ Minicolumn. The DNA in 
the column was washed with 2ml of 80% propan-2-ol, and dried by 
centrifugation for 20 sec at 14000 x g in a bench top centrifuge. The column 
was dried further for 5 min at room temperature. 50µ1 of TE buffer at 65°C was 
added to the top of the column and allowed to incubate for 1 min. The purified 
DNA was collected by centrifugation for 20 sec and the concentration 
estimated spectrometrically. The DNA was precipitated with 2 vol of ethanol 
and pelleted by centrifugation at 14000 x g, 4°C, 15 min. The pellet was 
washed twice with 70% ethanol and resuspended in 20µ1 water. 
2.10.4 Purification of DNA from low-melting point agarose 
Specific fragments of DNA were isolated from other fragments by 
electrophoresis in low melting-point agarose, excision of the band of interest, 
and purification through a Wizard PCR Preps DNA Purification System 
(Promega) Minicolumn as described by the manufacturers. A 1.5% high­
resolution agarose gel (Progen) containing ethidium bromide (Sigma) solution 
(3µg/ml) was prepared in lx TAE buffer (40mM Tris-acetate, lmM EDTA, pH 
8.0). The DNA was electrophoresed until the band of interest was separated 
from other bands. The band was visualised under ultra violet (UV) light (254 
nm) and quickly excised with a sterile scalpel blade in a volume of less than 
300µ1. The gel fragment was placed in a 1.5ml centrifuge tube and the gel was 
melted at 70°C for 10 min. One ml of PCR Resin (Promega) was added and 
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gently mixed. This was followed by the same procedure as that described 
above for the Wizard DNA Clean up System. 
2.10.5 Purification of PCR product 
PCR products were purified using the Wizard PCR Preps DNA Purification 
System (Promega). PCR products which were produced with the 'high fidelity' 
PCR protocol (above), and were to be cloned into pGEM-T, were purified 
immediately following the PCR. 50µ1 of PCR product was aliquoted into a 
1.5ml tube before adding 100µ1 of PCR neutralisation buff er. One ml of PCR 
Resin was then added and thoroughly mixed. Then, the same procedures 
described for the Wizard DNA Clean up System were followed. 
2.10.6 Extraction and purification of genomic DNA from plants. 
Two methods of genomic DNA extraction were used. A rapid DNA extraction 
method (Wylie et al., 1993) was used for preparing DNA for preliminary PCR 
analysis of transgenic plants. A leaflet (T. subterraneum) or leaf disk 0.5mm in 
diameter (N. benthamiana) was macerated within a 1.5ml disposable centrifuge 
tube. Four hundred µ1 of extraction buffer (200mM Tris-HCl pH7 .5, 250mM 
NaCl, 25mM EDTA, 0.5% SDS) was added and thoroughly mixed. The cell 
debris were pelleted by centrifugation at 14000 x g for 5 min. Three hundred 
microlitres of supernatant was transferred to a fresh tube and extracted once 
with phenol:chloroform:isoamylalcohol (24:24:2) and once with 
chloroform:isoamylalcohol. The nucleic acids were precipitated by adding 1 vol 
propan-2-ol and incubating at -20°C for 15-30 min. The DNA was collected by 
centrifugation at 14000 x g at 4°C for 15 min and the pellet washed with 70% 
ethanol. The pellet was dried and resuspended in 50µ1 TE buffer. One 
microlitre of this extract was used immediately for diagnostic PCR. Rapid 
extracts were not stored; instead a fresh extract was used each time for PCR to 
minimise the risk of template degradation. 
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A larger scale preparation method (Dellaporta et al., 1993) was modified and 
used to extract genomic DNA for Southern hybridisations and PCR. Two 
grams of young leaves were crushed to a fine powder in liquid nitrogen. The 
powder was mixed with 15ml of extraction buffer containing 500mM NaCl, 
l00mM Tris (pH 8.0), 50 mM EDTA and 0.6% 2-mercaptoethanol. One ml of 
20% SDS was added and the mixture was incubated at 65°c for 10 min with 
occasional shaking. Then 5ml of SM potassium acetate was added before 
placing on ice for 20 min. The cellular debris was pelleted by centrifugation at 
14000 x g, 4°C, for 20 min, and the supernatant filtered through Miracloth into 
a fresh centrifuge tube containing 10ml isopropan-2-ol. This was thoroughly 
mixed and left at -20°C for 1 h. The DNA was pelleted by centrifugation at 
17000 x g, 4°C. The supernatant was aspirated and the pellet allowed to drain 
for 10 min. The DNA was resuspended in 700µ1 TE buffer, transferred to a 1.5 
ml microfuge tube containing l0µg/ml DNase-free RNAse A (Boehringer), and 
incubated at 37°C for 30 min. Seventy-five µI of 3M sodium acetate (pH 4.8) 
was added and the sample centrifuged in the microfuge at 12000 x g for 15 min. 
The supernatant was transferred to a fresh tube and the DNA precipitated with 
500µ1 isopropan-2-ol at room temperature for 5 min. The DNA was pelleted by 
centrifugation at 12000 x g for 15 min, and the supernatant discarded. The 
pellet was washed in 1ml cold 70% ethanol before drying and resuspending in 
200µ1 TE buffer overnight at 4°C. 
2.11 Quantification of DNA 
Two methods were used to calculate the amount of DNA in a sample: 
2.11.1 Spectrophotometer. 
To estimate the quantity of DNA in a sample, absorbences were measured on a 
Pharmacia LKB Ultrospec III. The absorbence at 260nm was measured in a 
quartz cuvette. The amount of DNA was quantified with calculations based on 
an OD260 of 1.0 = 50µg/ml DNA. 
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2.11.2 Fluorometer 
When it was necessary to have a more accurate measure of the amount of DNA 
in a sample, the fluorescent dye, Hoechst 33258 in lx TNE (Tris-C l0mM, NaCl 
1 00mM, EDTA lmM, pH7.4, Hoechst 33258 solution, 0. lmg/ml) was mixed with 
a sample of DNA and the fluorescence emitted at 460 nm was measured and 
compared to the emission of a known amount of standard DNA. Fluorescence 
was measured in a Hoefer TKO 100 DNA Fluorometer. 
2.12 Sequencing reactions 
Sequencing reactions were carried out with reagents supplied with the ABI 
PRISM Dye Terminator Cycle Sequencing Ready Reaction kit with AmpliTaq 
DNA Polymerase, FS (Perkin Elmer) 
The following reagents were used: 
Terminator Ready Reaction Mix 8.0µ1 
Template 
plasmid DNA, 200ng/ml 2.5µ1 





Sequencing reactions were carried out in a Perkin Elmer GeneAmp PCR System 
2400 thermal cycler with the following cycling conditions: 
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The extension products were purified according to the protocol guide provided 
with the sequencing kit as follows: 
The reaction mix was transferred to a 1.5ml centrifuge tube containing 2µ1 3M 
sodium acetate, pH4.6, and 50µ1 95% ethanol. The reaction was placed on ice 
for 10 min before centrifugation at 14000 xg for 30 min. The supernatant was 
aspirated and the pellet was rinsed with 250µ1 of 70% ethanol. The pellet was 
dried in a vacuum centrifuge. 
The samples were electrophoresed and analysed on an ABI 373 sequencer 
(Applied Biosystems Industries). 
Most of the polyacrylamide gel electrophoresis of sequencing reactions was 
carried out by Ms Judy Smith, SABC, Murdoch University. 
2.13 Agarose gel electrophoresis 
All agarose gel electrophoresis was carried out in Bio-Rad Mini Sub™ cells, or 
Bio-Rad Wide Mini Sub™ cells, or BioRad Sub™ cells (Bio-Rad Laboratories). 
One times T AE buffer was made from 50x stock solution (2M Tris-acetate, 
50mM EDTA, pH8.0) as described by Sambrook et. al., (1989). The agarose 
(Progen) concentration depended on the size of DNA fragment(s) of interest.J
To separate DNA fragments of less than 1kb from larger fragments, in for 
example certain restriction digests of plasmids, an agarose concentration of 
1.4% was used. To separate larger fragments, such as digests of genomic DNA, 
an agarose concentration of 0.7% was used. Commonly, an agarose 
concentration of 1.0% was used to separate fragments between 500bp-2000bp. 
Gels were electrophoresed at 7.5V/cm until the loading dye (50% glycerol, 
50mM EDTA, 0.1 % bromophenol blue) had migrated between half and two 
thirds of the way down the gel. The sample was run beside an appropriate 
molecular weight marker. DNA was visualised by staining gels with ethidium 
bromide (Sigma) solution (3µg/ml) and viewing under ultraviolet light with a 
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UVP illuminator. Gels were photographed on either a UVP Video Imager or a 
Polaroid MP4+ Instant Camera System. 
2.14 Plant culture and transformation 
2.14.1 Trifolium subterraneum 
A. tumefaciens was used to genetically transform sterile explants with a
herbicide-resistance gene bar (Basta resistance) and a BYMV-derived gene. 
Hypocotyl segments from imbibed seeds were used as explants in a method 
modified from that described by Khan et al. (1994 ). Seeds were surface 
sterilised by immersing in sterile water for 1 min, 70% ethanol for 2 min, then in 
full-strength commercial bleach (Ajax Chemicals) containing 12% sodium 
hypochlorite for 30 min, then rinsed in sterile water six times and left to soak for 
1 h. The water was poured off and the seeds placed in a petri dish, half covered 
with water and allowed to imbibe overnight at room temperature. The 
following day the explants, consisting of the lower hypocoty 1 and radical, were 




� ___ _,_Meristematic Region
�1----,_;.Hypocotyl
Line of Excision 
◄ Radicle
Fig 2.1. A diagrammatic representation of an imbibed subterranean clover seed with the 
seed coat removed and showing the line of excision through the meristematic region. The 
hypocotyl segment was then cocultivated with A. tumefaciens. 
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Transformants were selected on nutrient agar medium containing 
phosphinothricin (PPT), the active ingredient of Basta. Putative transformants 
were induced to produce roots and planted into potting mix in the glasshouse. 
An overnight culture of A tumef aciens strain AGL 1, was grown in modified LB 
medium (Bacto-tryptone l0g/1, Yeast Extract Sg/1, NaCl lg/1, D-Glucose l0mM) 
without antibiotics. The culture was grown at 28°C on a shaker (230 rpm), and 
the cell concentration was estimated to be approximately 4 x 109 cells/ml. 
Explants were incubated in this inoculum for 30-60 min. Control explants were 
not incubated in A. tumef aciens suspension. The explants were blotted dry and 
placed on cocultivation medium (Tables 2.5a & 2.5b) in shallow petri dishes for 
7 days. In the growth room explants grew at 20°c under a photoperiod of 8 h 
with a photon fluence rate of 100-200 µE m-2 s- 1. After the cocultivation 
period, the explants were cut l-2mm below the first cut and the root discarded. 
Explants were plated in deep petri dishes containing regeneration medium 
(Tables 2.Sa & 2.5b ). Cefotaxime or Timentin (ticarcillin sodium and potassium 
clavulanate, SmithKline Beecham) were used to control the growth of 
A. tumefaciens. Surviving explants were transferred to fresh regeneration
medium every 15-20 days. Where overgrowth of persisting A tumefaciens was 
a problem, explants were washed in Timentin (300mg/l), blotted dry and 
replated. In some cases, it was necessary to transfer to fresh plates every 7 days 
to avoid bacterial overgrowth. After 60-100 days, surviving shoots greater than 
0.5 cm in height were excised and plated onto rooting medium (Tables 2.Sa & 
2.Sb) in 150ml tissue culture vessels. Roots developed after 3-6 weeks and
after a further 2 weeks plantlets were transplanted into small pots containing 
Target Premium Potting Mix in the glasshouse. The plantlets were covered with 
an inverted tissue-culture vessel for the first 5 days, then gradually acclimatised 
by tilting the vessel. Plants were later transplanted to larger pots and 
periodically fertilised with Thrive (Yates) at the rate recommended by the 
manufacturer. 
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Table 2.5a. Composition of stock solutions used to prepare media for in vitro culture of 
T subterraneum 















Vitamins (lO0X) mg/l00ml 
Thiamine.HCl (Sigma) 20.0 
Pyridoxine.HCl (Sigma) 5.0 
Myo-inositol (Sigma) 2500.0 
FeSO4.EDTA (lO0X) 250.0 mg/l00ml 
PPT (Basta, Hoechst) 500.0 mg/ml 
D-Glucose (Sigma) 36.0 g/l00ml (2M) 
Timentin or Cefotaxime* 150mg/ml 
IBA (Sigma) 10.0 mg/ml 
NAA (Sigma) 1.0 mg/ml 
TDZ (Sigma) 20.0 mg/100ml (25mM) 
*Cefotaxime was used initially in this project but Timentin was ·used later
because of supply problems with cefotaxime. Both were similarly effective in
controlling A. tumefaciens overgrowth.
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Table 2.Sb. List of ingredients used to prepare 1 litre of cocultivation, regeneration, 
and rooting media for in vitro culture of T subterraneum 
Component Medium Type 
Cocultivation Regeneration Rooting 
Macro nutrients 100ml 100ml 100ml 
Micro nutrients 1ml 1ml 1ml 
Vitamins 10ml 10ml 10ml 
FeSO4EDTA 10ml 10ml 10ml 
Sucrose 30g 30g 30g 
Agar 8g 8g 8g 
TDZ* 2.5ml (2.5µM) 2.5ml 
NAA* 300µ1 ( 1. 6µM) 300µ1 
Glucose* 5ml (lOmM) 
PPT* 100µ1 (50mg/l) 
Timentin* 1.5 ml 1.5 ml 
IBA* 100µ1 
pH 5.8 5.8 5.8 
. .  
*TDZ, NAA, IBA, T1mentm, and Glucose stocks were fllter-stenhsed and added
after the other ingredients had been autoclaved and the solution cooled to
45°C. PPT was added to regeneration medium after autoclaving and cooling to
45°c.
TO transformants in the glasshouse were vegetatively propagated by nodal stem 
cuttings 2-3 cm in length. The leaves were removed and the base of each 
cutting was dipped in Plant Cutting Powder (Yates) containing IAA (50µg/g) 
and NAA (20µg/g). Cuttings were propagated in coarse river sand. After 3-4 
weeks rooted plantlets were transplanted to small pots containing Target 
Premium Potting Mix, and allowed to establish for 7-10 days before virus 
challenge. TO parents were allowed to flower and seed was collected. 
2.14.2 Nicotiana benthamiana 
N. benthamiana seeds were obtained from Dr. Roger Jones, Agriculture
Western Australia. 
Leaf pieces and stem segments were cocultivated with A. tumefaciens (strains 
AGLO, AGLl and LBA4404) essentially as described for leaf disks (Horsch et 
al., 1985). Explants were cut from young N. benthamiana shoots grown in 
vitro on MS medium (MS salts (Murashige and Skoog, 1962) (Sigma), 3% 
8 9  
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sucrose, 0.7% Agar (Gibco BRL) pH5.8), and submerged for 2 min in an 
overnight culture of transgenic A. tumefaciens prepared as described above. 
The explants were blotted dry and incubated upside-down on cocultivation 
medium consisting of MS medium, lmg/1 6-BAP (Sigma) and 0.lmg/1 NAA 
(Sigma) with culture conditions described above. After two days the explants 
were transferred to regeneration medium which contained the same ingredients 
as cocultivation medium but with the addition of 150mg/1 Timentin and 25mg/l 
PPT. Explants were grown on regeneration medium for 2-4 weeks. Vigorous 
shoots were excised and placed on rooting medium consisting of MS medium, 
150mg/1 Timentin and 25mg/1 PPT with no phytohormones. Roots became 
visible after 2-3 weeks, and were allowed to grow on for a further 2 weeks. 
Plantlets were transplanted into Target Premium Potting Mix and covered with 
inverted tissue-culture vessels for the first 5 days, then gradually allowed to 
acclimatise by tilting the jars. Nutrients were added by weekly applications of 
Thrive (Yates), and fungal disease was controlled with applications of 
Bravo500 (l .5ml/1) as required. 
Plants were vegetatively divided by splitting the main stem. Cuttings treated 
with rooting powder as described for T. subterraneum failed to produce roots. 
Seeds were collected from each transformation event and planted in Yates 
Seedling Mix/sand mix (50:50) in the glasshouse. 
2.15 Southern hybridisation 
Southern hybridisation (Southern, 1975) was carried out to confirm that 
transgenes detected in plants by PCR were integrated into the genome. Five to 
ten µg of plant genomic DNA was resuspended in a volume of not more than 
30µ1 TE buffer. This was incubated for 6-24 h with 20-30u of restriction 
enzyme in the presence of appropriate lx restriction enzyme buffer in a volume 
of 50µ1 as instructed by the manufacturer. One ng of appropriate plasmid DNA 
and 5-l0µg DNA from a non-transformed plant were similarly digested and used 
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as controls. The digested DNA was loaded onto a 0.7% agarose gel in a 
BioRad Sub™ cell and electrophoresed until the DNA had migrated 3/4 of the 
way down the gel. The gel was transferred to a plastic dish and the DNA was 
denatured by soaking the gel for 15 min in 500ml of I.OM NaCl, 0.4N NaOH 
with gentle agitation. The solution was replaced with fresh denaturing solution 
and soaked for a further 20 min. The DNA was transferred to a nylon 
membrane (HybondN+, Amersham) according to Sambrook et al (1989). A gel 
tray was wrapped in a piece of Whatman 3MM paper and placed, inverted, in a 
shallow plastic dish. The dish was filled with 1 Ox SSC transfer buffer until the 
level almost reached the top of the support. The gel was placed inverted on the 
support. A piece of nylon membrane, 1mm larger than the gel, was placed on 
the gel and air bubbles removed. Two pieces of 3MM paper, cut to the same 
size as the gel were placed on top of the membrane. The gel was surrounded 
with plastic wrap to prevent paper towels touching the transfer buffer. Paper 
towels were placed on top of the 3MM papers and transfer of DNA was 
allowed to proceed for 18-20 h. Following transfer, the membrane was soaked 
in neutralisation buffer (0.5M Tris (7.2), 1.0 M NaCl) for 15 min. The membrane 
was blotted dry on paper towels before fixing the DNA permanently to the 
nylon by exposure to 150mJ of UV light (254 nm) in a Bio-Rad GS Gene 
Linker. 
2.15.1 Synthesis of a DNA probe. 
A DNA probe, homologous to the target gene, was amplified by PCR as 
previously described. The PCR product was purified by passing it through a 
Wizard PCR Clean-up column (Promega), then quantified fluorometrically. The 
probe was labelled with [32P]-dCTP (Amrad Pharmacia Biotech) in the 
following manner: 
Fifty ng of PCR product was suspended in 45µ1 of water in a 0.5ml tube. The 
DNA was denatured by heating to 95°c for 3 min then placed on ice. This was 
91 
-_---_----�I ___ -�-__--_,,-- - - ---- - - --:::...-- - - - -_:- ·- - -- -
-::.
- ---�--·-=--,.- � --� - ��===-==-==---:-�==:-::=:===- -= --=---=••:c=---::=- =---=--=- ,=_ -- -- -
labelled with 50µCi of [32P]-dCTP using the 'Ready To Go' DNA labelling kit 
(Pharmacia) as instructed by the manufacturers. Random primers were annealed 
to the denatured DNA and a complementary strand was extended with T4 DNA 
polymerase. The radiolabelled cytosines were incorporated into the new strand 
as it extended. Following synthesis of the radiolabelled strand, the DNA 
strands were separated at 95°c for 3 min and placed on ice. 
2.15.2 Hybridising the probe to DNA immobilised on a nylon membrane 
The nylon membrane containing the digested DNA was placed in a 
hybridisation bottle and soaked in -S0ml of prehybridisation buffer (0.5M 
Na2HPO4, lmM EDTA, 7% SDS, pH 7.2) at 65°C for 10 min, then drained. The 
radio labelled probe was mixed with 10ml of prehybridisation buffer and added 
to the bottle. Hybridisation was carried out by slowly rotating the bottle (10 
rpm) in a hybridisation oven at 65°C overnight. 
2.15 .3 Washing and exposure of the membrane 
Following the hybridisation procedure, unincorporated probe and isotope were 
washed from the membrane. The membrane was submerged in a tray containing 
several hundred millilitres of 2 x SSC and 0.5% SDS at RT. Five minutes later, 
the membrane was transferred to a fresh tray and submerged in 2 x SSC and 
0.1 % SDS for 15 min at RT on a slow rocker. The membrane was transferred to 
a fresh tray and submerged in 1 x SSC and 0.1 % SDS. This was incubated at 
37°C for 10 min with slow rocking. The solution was replaced with fresh 1 x 
SSC and 0.1 % SDS and the procedure repeated at 65°C. The filter was padded 
dry on paper towels before wrapping in plastic wrap. The membrane was 
placed in a X-ray film cassette containing an intensifying screen and exposed to 
X-ray film (Fuji Super HR-S30) for 2-7 days at -86°C.
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2.16 PAT assay 
Activity of the bar gene product (PAT) was assayed by labelling the acetylated 
substrate (PPT) with [14C]-acetyl coenzyme A using a method slightly modified 
from De Block et. al., (1987). Approximately 50mg of young leaf tissue was 
ground in a 1.5 ml centrifuge tube with 200µ1 of extraction buffer (l0mM 
Na2HPO4, l0mM NaCl, pH 7.0, lmM phenylmethylsulfonyl fluoride (Sigma), 
25mg/l bovine serum albufi1:in). The cellular debris were pelleted by 
centrifugation at 14000 x g for 10 min, and the supernatant transferred to a 
fresh tube. The protein concentration was determined by Bradford assay 
(Bradford, 197 6) using reagent from Bio-Rad. Twenty micrograms of total 
protein was added to 6µ1 of radioactive mix (3µ1 (0.02µCi/µl) [14C]-acetyl­
coenzyme A, 40-60 mCi/mmol (Amrad Pharmacia Biotech), 3µ1 Basta (20% PPT, 
Hoechst) and made up to a total volume of 22µ1. The mixture was incubated at 
37°C for 30 min and spotted onto a silica gel thin-layer chromatography plate 
(0.2 mm, Merck). The sample was allowed to dry for 30 min at RT then 
chromatographed in a 3:2 mixture of propan-1-ol and NH4OH (25% NH4 
solution) until the solvent front was 2/3 of the way up the plate. The plate was 
removed from the chromatography tank and allowed to dry in the fume hood 
for 30 min. The dry plate was submerged in 200ml of enhancer solution (800mg 
2,5-Diphenyloxazole (PPO) (Sigma), 200ml 1-methylnaphthalene (Aldrich)) and 
allowed to dry for 30 min in the fume hood. The [14C]-acetyl product was 
visualised by exposing the plate to X-ray film (Fuji Super HR-S30) overnight at 
-86°C.
2.17 PPT challenge 
Plants were challenged with phosphinothricin (PPT) supplied as a 50% solution 
in the herbicide Basta (Hoechst). Mature leaves about half-way up the plant 
were selected for treatment. The mixture was made up to the required 
concentration in 10ml sterile, distilled water containing two drops ( approx. 
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25µ1) Tween 80 (Ajax Chemicals). A control mixture lacking the PPT was made 
in the same way. The solutions were painted onto the upper surfaces of leaves 
( one leaf per treatment) with a cotton bud until the entire surface was wet. 
Solutions were stored at -20°C. 
2.18 Selective agents 
Selective agents were added to autoclaved media when it had cooled to 45°C. 
All sterile antibiotic stock solutions were stored in aliquots at -20°C as 
described by Sambrook et. al., (1989), or by the manufacturers . 









2.19 Computer programs 
The following computer programs were utilised in this research: 
• Aldus® Superpaint®, version 2.5, Aldus Corporation.
• Amplify, version 1.2, W.R. Engels. University of Wisconsin, USA.
• Australian National Genomic Information Service (ANGIS).
• DNAid+, version 1.5, F. Dardel and P. Bensoussan, Ecole Polytechnique,
France.
• EndNote Plus, version 2.0.1, Niles and Associates, Berkely, California.
• HC Oligo, version 1.0, H. Zabin, Berlin, Germany
• MacDraw II®, version l.0vl, Claris Corporation.
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• MacPlasmap, version 2.05r5, CGC Scientific.
• Microsoft® Excel, version 5.0, Microsoft Corporation.
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Chapter 3. The Sequences of the Nia and Coat Protein Genes 
3.1 Introduction 
,In this chapter the isolation of BYMV virions and the subsequent cloning and 
sequencing of cDNA from vRNA is described. Sequence data was required 
initially to confirm that the virus isolate being studied was BYMV� and then to 
design primers which could be used to construct the binary vectors d�scribed in 
Chapter 4. 
Sequence data and analyses of the Nia and coat protein (CP) genes are given, 
however, analysis of the Nia gene is described in more detail than that of the 
coat protein gene. Sequencing the CP gene was a minor part of this project 
which was done in collaboration with others to gain experience fo the 
techniques involved. This data was later used to develop :a_yMV CP resistance 
constructs by Dr. Anne Mathews. 
The strategy adopted to sequence the CP and Nia genes was first to design 
oligonudeotide primers from published sequences in regions of consensus 
/ 
which flanked the gene of interest. The region was then amplified by reverse 
transcription-polymerase chain reaction (RT-PCR), and cloned into a plasmid 
vector. This was either sequenced directly (CP), or subcloned for sequencing 
(Nia). 
The' sequence data obtained for the Nia gene is discussed and compared with 
that of other available BYMV sequences. Aspects of similarity and dissimilarity 
between these sequences are discussed. 
3.2 Materials and Methods 
3.2.1 Purification of BYMVvirions. 
1 00g of young T. subterraneum 'Woogenellup' leaves were collected four 
weeks post-inoculation. Initially, the method of Hammond and Lawson (1988) 
(Chapter 2) was used to purify virions. In order to confirm that the purified 
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virus conformed to the expected morphology of a potyvirus, the virions were 
observed and photographed by electron microscopy (EM). Later, an improved 
procedure of Cassidy (1994) was used to purify virus particles from which 
vRNA was isolated (see Chapter 2). 
3.2.2 Cloning and sequencing the coat protein gene 
Isolation, cloning and sequencing the coat protein gene was done in 
collaboration with Dr. Anne Mathews and Mr. Geoff Dwyer (Murdoch 
University). Using nucleic acid extracted from virus-infected T. subterraneum 
leaf material, the CP gene was amplified by a RT-PCR. To achieve this, primer­
adaptors (with EcoRI sites) based on the terminus of the 3' UTR (primer 10) and 
the 3' end of the Nib gene (primer 8) of the published sequence of Boye et. al., 
(1992) were used to amplify a 1239bp fragment. The RT-PCR product included 
the 3' end of the Nib gene, the coat protein, and the 3 'UTR. 




The EcoRI restriction sites are underlined. 
The PCR product was cloned into pGEM-T to yield plasmid pAM-MI, and 
sequenced in both directions by Dye Terminator Cycle Sequencing with primers 
2, 3, 7, T7 and SP6 (Fig 3.1). Primer-adaptors 8 and 10, and sequencing primers 
2, 3, and 7 were synthesised by Biotech International, Perth and primers T7 and 





Fig 3.1. A linear representation of the region of pAM-MI containing the 3' end of the 
Nib gene, the coat protein gene, and the 3 'UTR of BYMV-Ml. The positions and names 
of the primers designed to sequence both strands of the insert are given. 






3.2.3 Construction of a 4kb cDNA clone of BYMV-MI. 
i) Primer design
BYMV primer 1 was designed by Mr. Geoff Dwyer from a region of consensus 
at the extreme 3' end of the genome. Four published sequences (Hammond 
and Hammond, 1989; Boye et al., 1990; Takahashi et al., 1990; Tracey et al., 
1992) were aligned and an oligonucleotide based on the last 18 nucleotides 
was synthesised by Biotech International (Fig 3.2). Primer 1 was designed to 
anneal to the minus-sense cDNA strand of the genome. 
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Nib Coat Protein 
Takahashi et al (1990) CCTGATCTTT 
Tracey et al (1992) CTTGATCTTT 
Hammond et al (1989) CCTGATCTTT 
Boye et al (1990) CCTGATCTTT 





GTAGAGCGAG 5 ' 
Fig. 3.2. Design of BYMV primer 1 based on the alignment of four published 
sequences of the 3' end of the BYMV genome. 
Another primer (primer 13) with two redundant nucleotides was designed to 
anneal within the second six kilodalton peptide (6K2) approximately 4kb 
upstream from primer 1 (Fig 3.3). The sequence of this primer was also based on 
a region of homology from published sequences (Nakamura et al., 1994; Boye 






Nakamura et al (1994) "AAAAGGACAT TGGAATAAAC CAGTGTTGA 
Boye et al (1992) GAAAGGGCAT TGGAACAAAC CAGTTTTGG 
B YMV primer 13 5' GGACAT TGGAATAAAC CAGT 3' 
G C 
Nia 
Fig 3.3. Design of BYMV primer 13 based on the alignment of two published 
sequences of the BYMV genome. Primer 13 contains two redundant nucleotides. 
ii) RT-PCR with primers 1 and 13
Primer 1 was used to synthesise first-strand cDNA from purified viral RNA using 
a Perkin Elmer Cetus GeneArnp RNA PCR kit. Immediately after the reverse 
transcription reaction, amplification by PCR of 4kb of the cDNA was carried 
out in the same tube (see Chapter 2). Primers 1 and 13 were used to synthesise 
a PCR fragment of approximately 4 kb from the cDNA template. 
The following cycle conditions were used: 
94°c 1 0 seconds 
600C 1 minute 
12°c 5 minutes 
30 cycles. 
10µ1 of the PCR product was separated on a 1.2% agarose gel. 
iii) Cloning the 4kb PCR fragment
The 4kb PCR product was purified by passage through a Wizard PCR Clean­
Up column (Promega) immediately after the PCR amplification and ligated into 
100 
pGEM-T. Purification and ligation conditions were as described in Chapter 2. 
Half (5.0µ1) of the ligation reaction was used to transform chemically competent 
JM 109 E. coli cells, and plated on LB plates containing 50µg/ml ampicillin and 
coated with X-Gal (Progen) and IPTG for blue/white colour selection, and 
grown overnight at 37°C. 
White and blue bacterial colonies were analysed by restriction digests. A 
plasmid mini-prep was carried out on 9.5ml of the overnight bacterial culture 
and 200ng of the purified plasmid was digested with Ncol and Sall to cleave 
the PCR product from the vector. A clone from a blue colony was shown to 
contain the 4kb PCR fragment and was entitled pDAMI. 
3 .2.3 Sequencing the Nla gene 
i) Primer design and cloning
One of the aims of this study was to sequence the Nla gene of BYMV-MI. A 
"High Fidelity" PCR was carried out to produce a cDNA fragment consisting of 
the 3' end of the 6K2 gene, all of the Nia gene, and the 5' end of the Nlb gene. 
pDAMl was used as the template for this reaction. Primer 13 was used as the 5' 
primer. The 3' primer (primer 11) was designed from a region of consensus 




Nakamura et al (1994) AGTGCGAAGA ACTAAAAGTG 3 ' 
Boye et al (1992) AGTGCAAAGA ACGCAAAGTG 3 ' 
Primer 11 3' TCACGTTTCT TGCGTTTCAC 5' 
C AT 
CP 
Fig 3.4. Primer 11 was designed to anneal downstream of the Nia /Nib cleavage site. 
It was based on two published sequences and contains three redundant nucleotides. 
The purified PCR product was cloned into pGEM-T to yield plasmid pGEM-Nla 
and transformed into chemically-competent E. coli (strain DH5a) cells as 
described above. The plasmid was prepared for sequencing by large-scale 
plasmid preparation and further purified by passage through a Wizard DNA 
Clean-up System Kit, followed by an ethanol precipitation and 70% ethanol 
wash. The purified plasmid DNA was resuspended in water and quantified 
._..fluorometrically. 
ii) Sequencing strategy
Primers T7 and SP6, located on either end of the multiple cloning site of pGEM­
T, were used to determine the sequence of the termini of the insert in plasmid 
pGEM-Nla. Other primers were designed from this information to sequence 
further into the gene. This process was repeated until the sequence of both 
102 
strands had been determined (Fig 3.5). Dye terminator sequencing was carried 








Fig 3.5. A linear representation of the region of pGEM-Nla containing BYMV cDNA. 
The positions and names of the primers designed to sequence both strands of the insert 
are given. 
Sequences of the primers are given below. 
5' > 3' 
T7: TAATACGACT CACTATAGGG 
SP6: GATTTAGGTG ACACTATAG 
14a: TAGGCTATGG ATTCCCACTA 
15: CTAGATCCTA TCACAGGTGA 
18: TGTGATGAAA TATTTGGAAT 
19: ATGCTCTGCT GACTCATTCT 
20: TGGGTCAAAA CCGTACATAT 
21: CTAACTGCAA TTTCAGGTGA 
Nucleotide sequence information was edited and aligned with the computer 
program SeqEd™ version 1.0.3 (Applied Biosystems Industries). Protein data 
including molecular weight, the hydrophilicity index, the insolubility factor and 
the isoelectric point was calculated with the sequence analysis program DNaid+ 
(version 1.5, F. Dardel and P. Bensoussan, Ecole Polytechnique, France). 
3.3 Results 
3 .3 .1 Virus purification 
Concentration of purified particles varied between preparations from 4-
15mg/l 00g plant tissue. The lower concentrations were obtained from using 
the method of Hammond and Lawson ( 1988) and the higher concentrations 
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were obtained usmg the method of Cassidy (1994). Observation of the 
negatively stained virions by electron microscopy showed that the particles 
were flexuous rods, most of which were the expected length of 680-900nm and 
with a width of 12-15nm (Plate 2D). These morphological characteristics are 
consistent with other members of the potyvirus genus. 
3.3.2 Sequence of the coat protein 
Fig 3.6 shows the nucleotide and deduced amino acid sequences of the 3' end 
of the Nib gene, the coat protein gene and the 3' UTR. The sequence contains 
246 nucleotides (82 amino acids) of the Nib gene, 819 nucleotides (273 amino 
acids) o( the CP gene, and 174 nucleotides of the 3' UTR. This sequence. has 
been published (Mathews et al., 1995) . 
I I I 75 
ATGATAGAAGCATGGGGTTATCCAACACTATTGAGTCACATACGAAAGTTCTATCTTTGGGTCCTAGGACAAGCA 
M I E A W G Y P T L L S H I R K F Y L W V L G Q A 25 
I I 150 
CCTTATAGTCAGTTGAGTGCTGAGGGCAAGGCACCATACATTTCAGGAGTCGCACTCAAACACCTATACACTGAG 
P Y S Q L S A E G K A P Y I S G V A L K H L Y T E 50 
225 
GAAAAAGTCACACCAGCTGAATTGGAAAGGTATAACATTGCATTAGTCGACTGTTTCGAGTCTGAGACTGATGAG 






V L V C R  F Q *S D Q E K  L N A G  E K  K D D  K D K  K 
AATAAAGAGAATCCTGATAAGAACTCTGGGGAGCAGAGTAACAGGCAAATAGTACCGGACAGAGATGTGAATGCA 
N K E N P D K N S G E Q S N R Q I V P D R D V N A 125 
450 
GGACTGTTGGGAACATTTTCAGTTCCTAGGCTCAAGAAAATAGCAGGAATTGTAAATATTCCCAAGATTGGTGGA 
G L L G T F S V P R L K K I A G I V N I P K I G G 150 
I I 525 
AAGATATTGCTCAATCTAGCCCACTTGCTGGAATATAACCCACCACAGGATGGCATGTCAGATGTCATATCAACA 
K I L L N L A H L L E Y .  N P P Q D G M S D V I S T 175 
600 
CAAGCACAGTGTGAAGCGTGGTACAATGGTGTCAAGCAAGCGTATGAGGTTGAAGATTCACAAATGCGAATCATT 
Q A Q C E A W Y N G V K Q A Y E V E D S Q M R I I 200 
675 
TTGAATGGCCTTATGGTGTGGTGCTATGAAAATGGCACATCAGGAGATTTACAAGGTGAATGGACCATGATGGAT 
L N G L M V W C Y E N G T S G D L Q G E W T M M D 225 
I I I 750 
GGAGAGGAACAGGTGACATACCCTCTAAAACCCATCGTGGACAATGCAAAGCCAACATTCCGCCAAATAATGTCG 




H F S E V A E A Y I E K R N A T E R Y M P R Y G L 275 
900 
CAAAGGAACTTGACTGATTATGGTTTGGCTAGGTATGCTTTTGACTTCTACAAACTGACTTCAAGAACTCCTGTG 
Q R N L T D Y G L A R Y A F D F Y K L T S R T P V 300 
975 
CGTGCTAGAGAAGCACACATGCAAATGAAGGCGGCAGCAGTTAGAGGCAAGTCAACTAGATTATTTGGACTTGAT 
R A R E A H M Q M K A A A V R G K S T R L F G L D 325 
1050 
GGCAATGTTGGAACAGACGAGGAGAACACAGAGAGACACACAGCAGGAGATGTCAATCGTGATATGCACACCATG 
G N V G T D E E N T E R H T A G D V N R D M H T M 350 
I I 1125 
CTTGGTGTTCGTATTTAGAGTATCCGTCTTTAAATTCTCTATAATTTGGCGTTACATTACTTAATACTATGTATT 
L G V R I 355 
AGTGAGGTTTCACCTCCAGCATTTTAAATTCAGTATGTGTATCATTCTCTCTACTCTGACAGGGTAAGCAGTTAG 
1239 
TGAGGTTGCCTCGTGTGAGCCTGATCTTTTGTAGAGGAG POLY (A) 
1200 
Fig 3.6. Nucleotide and deduced amino acid sequence of the 3' end of the BYMV-MI 
genome (EMBL accession number X81124). The presumed amino terminus of the CP is 
indicated by an asterisk and the translation termination is underlined. 
3.3.3 Analysis of pDAMl. 
Using primers 1 and 13 to amplify vRNA, a RT-PCR product of the expected 
size (~3.98 kb) was visualised on a 0.8% agarose gel (Fig 3.7). Other, smaller 
bands were also visible. This 3 .98kb fragment was excised from the gel, 
purified, and cloned into pGEM-T to yield pDAMl. 
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1 2 
Fig 3.7. Agarose gel electrophoresis of the RT-PCR product of primers 1 and 13. Lane 
1, A Hind Ill molecular weight marker; Lane 2, The cDNAfragment corresponding to 
part of the 6 k.Da protein, the Nia , the Nib, the CP genes, and the 3 'UTR of the BYMV 
genome. 
pDAMI was digested with several restriction enzymes (Pstl/Sall, EcoRI/Sall, 
EcoRI/SacII, EcoRI, Pstl, Sacll, Sall) to determine the orientation of the insert 












Fig 3.8. Restriction digests of pDAMl. Lane 1, I HindIII marker; lane 2, 100 bp 
marker; lane 3, Pstl/Sall digest; lane 4, EcoRI digest; lane 5 EcoRI/SacII digest; lane 6, 
EcoRI digest; lane 7, Pstl digest; lane 8, Saeli digest; lane 9, Sall digest. 
A deduced map of pDAMI was determined from the restriction enzyme 
fragments generated and from sequence data obtained subsequently (Fig 3.9). 
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Fig 3.9. Deduced map of pDAMI 
all 2517 
A map of pGEM-Nia was deduced from sequence analysis (Fig 3 .10) 
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Fig 3.10. Deduced map of pGEM-Nla 










The complete sequence of the RT-PCR product of primers 11 & 13 in plasmid 




G H W N K P V L I Q D F L I A A G V L G G G C W M 25 
I 150 
CTCTACCAGTATTTTAAACAAGAAACGGGTAAGGAGTTTGTGTTTCAGGGCAAGAACAAGAGAACAAAACAGAAG 
L Y Q Y F K Q E T G K E F V F Q �G K N K R T K Q K 50 
225 
TTGAGGTTCAGAGACGCGAGAGACATGAAGAACCGCGTTGAAGTCTATGCGGATGAAGGAACCATAACTGAAAAC 
L _R F R D A R D M K N R V E V Y A D E G T I T E N 75 
300 
TTTGGTAGTAAATACACAAAGAAAGGAAAAGTGAAGGGGACAACAGTTGGTTTGGGGACGAAGACCAGGAGATTC 
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T N M Y G F D P T E Y S F A R Y L D P I T G E T L 125 
I 450 
GATGAACAGCCCATAACAAATTTAAATCTCATCTCCGAACACTTTCAAGAGATGAGMGGAAGTACATAGACAGT 
D E Q P I T N L N L I S E H F Q E M R R K Y I D S 150 
525 
GATGTTATGGAAGCACAACACTTTATTTCAAATCCAAGGATAGAAGCCTATTTTGTCAAAGATGCAGGTCAAAAA 
D V M E A Q H F I S N P R I E A Y F V K D A G Q K 175 
I I 600 
GTGTTGAAAGTTGATTTAACACCACACAAACCTTTGCTGTACAGTGACAAGTATGGGAACATTATGGGCTATCCT 
V L K V D L T P H K P L L Y S D K Y G N I M G Y P 200 
I 675 
GAGAGAGAAGGTGAGTTGAGGCAAACTGGTACAGCTGAATTTGTTGACCCAAAAGATCTACCAGAGTCTAAAGAA 
E R E G E L R Q T G T A E F V D P ;K D L P E S K E, 225 
750 
ACTGCAGATTTTGATTTTGAGAGTCTCAGTAAAATAGGAGGTTTACGTGATTACAATCCAATAGCTTCAAATGTC 
T A D F D F E #S I L S 1_ K I , G G L R D Y N P J I A S N V 250 
825 
TGCTTGCTGGAGAATGAGTCAGCAGAGCATTGTGATGAAATATTTGGAATTGGGTATGGGAATGTGATCATAACA 
C L L E N E S A E H C D E I F G � G Y G N V I I T 275 
I 900 
AACCAGCATCTGTTCCGACACAACAATGGAGAGTTAACCATCAAATCTAAACATGGGACATTCAAATGCAAGMC 
N Q \H L F R H N N G E L T I K S K H G T F K C K N 300 
975 
ACTTGTGCACTTAAGTTGCTTCCAATAGATGGCCATGATTTGTTACTCATCCAAATGCCCCAAGACTTCCCCGTG 
'I' C A L K L L P I D G H \_ D L L L I Q M P Q D F P V 325 
1050 
TTTCCCCAAAAACTTAGATTTAGGGAGCCCACGCATGMGATAAGATAGTTCTTGTGAGTACAAATTTCCAGGAG 
F P Q K L R F R E P T H E D K I V L V S T N F Q E 350 
I 1125 
AAGAGCTTCTCAAGTGTGGTTTCAGAGTCCAGTAACATATCAAGAGTCAAACAAGCCAACTTTTTCAAACATTGG 
K S F S S V V I S E S S N I S R V K Q A N F F K H W 375 
1200 
ATCTCAACAGTAGCTGGGCAATGCGGCAATCC�ATGGTTTCCACCAAGGATGGGTTCATAGTGGGAATTCATAGC 
I S T V A G Q C G N Pi M V S T K :'. D G F I V G I H S 400 
1275 
CTAACTGCAATTTCAGGTGATCTTAATGTGTTCACTTCTATACCACCAAACTTTGAGGAGGAGATTTTGAAACAA 
L T A I S G D L N V_ F T S I P P N F E E E I L K Q 425 
1350 
ATGAATAAAAAGAACTGGTGTTGTGGTTGGAAATTGAACACAGCACAAATTGGATGGGACGGMTCAAAATTGTA 
M N K K N W C C G W K L N T A Q I G W D G I K I V 450 
, 1425 
GATGACCAGCCCAAGGATCCCTTCCCAGTCTCAAAAATGGCAGGCTTGTTGMTGACTTGCAGTTGAGCTTCCAG 
D D Q P K D P F P V S K M A G L L N D L Q L S F Q 475 
AGTGCAAAGAACGCAAAGTGG 1446 
◊S A K N A � W 482
Fig 3.11. The plus-sense nucleotide and deduced amino acid sequence of the 3' end of 
the 6K2 protein, the Nia gene, and the 5' end of the Nib gene (GenBank accession 
number U78191 ). The sequence is presented in single-letter code. The presumed amino 
termini of the Nia and Nib genes are indicated by a A and a O respectively. The 
presumed amino terminus of the protease cistron is indicated by a #
110 
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The sequence consists of 123 nucleotides (41 amino acids) of the 3' end of the 
6K2 gene, 1302 nucleotides ( 434 amino acids) of the Nia gene, including 5 7 3 
nucleotides (191 amino acids) of the VPg domain and 729 nucleotides (243 
amino acids) of the protease domain, and 21 nucleotides (7 amino acids) of the 
5' end of the Nib gene. 
3.4 Discussion 
3.4.1 Comparison of the Nia sequence with that of other BYMV isolates 
i) Sequence comparison
The BYMV-MI nucleotide and deduced amino acid sequences were analysed 
and compared with other available . BYMV sequences. The nucleotide 
sequence of the Nia gene of BYMV-MI is the same length (1302 bp) as those of 
three other isolates of BYMV (BYMV-Danish, BYMV-S, and BYMV-MB4). 
The deduced amino acid sequence of BYMV-MI was aligned with matching 
sequences of the other BYMV isolates (Fig 3.12) to determine the degree of 
relatedness between the isolates. 
1 GHWNKPVLIQ DFLIAAGVLG GGCWMLYQYF KQETGKEFVF QGKNKRTKQK LRFRDARDMK 60 
2 GHWNKPVLVQ DFLIAAGVLG GGCWMLYQYF KQETGREFTF QGKNKRTKQK LRFRDARDMK 
3 GHWNKPVLIQ DFLIAAGVLG GGCWMLYQYF KQETGKEFIF QGKNKRTRQK LRFRDARDMK 
4 GHWNKPVLIQ DFLIAAGVLG GGCWMLYQYF KQETSKAFVF QGKNRRTKQK LRFRDARDMK 
* *** * A * * 
NRVEVYADEG TITENFGSKY TKKGKVKGTT VGLGTKTRRF TNMYGFDPTE YSFARYLDPI 120 
NRVEVYADEE TITENFGSKY TKKGKVKGTT VGMGTKTRRF TNMYGFDPTE YSFARYLDPI 
DRVEVYADEG TIVENFGSKY TKKGKVKGTT VGMGTKTRKF TNMYGFDPTE YSFARYLDPI 
GRMEVYADEG TIVENFGSKY TKKGKVRGTT TGMGTKTRRF TNMYGFDPTE YSFARYLDPI 
* * * * 0 * * * * 
TGETLDEQPI TNLNLISEHF QEMRRKYIDS DVMEAQHFIS NPRIEAYFVK DAGQKVLKVD 180 
TGETLDEQPI TNLNLISEHF QEMRRKYIEN DVMEAQHFTS NPRIEAYFVK DAGQKVLKVD 
TGETLDEQPI TNLNLVAEHF KEKRMKYLEN DILDSQHFTS SPKIEAYFVK DAGQKVLKID 
TGETLDEQPI TNLNLVSEHF QEMRRKYREN DIMESQHFAA GPGIEAYFVK DAGQKVLKVD 
** * * * *** **** 
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EREGELRQTG TAEFVDPKDL PESKETADFD 
EREGELRQTG TAEFVDPKDL PESKETADFG 
EREGELRQTG TAEFVDPKEL PKSKETADFD 
EREGELRQTG TAEFIDPKEL PEPKESTDFD 
* * ** ** *
CDEIFGIGYG NVIITNQHLF RHNNGELTIK 
CDEIFGIGYG NVIITNQHLF RHNNGELTIK 
CDEIFGIGYG NVIITNQHLF RHNNGELTIK 
CDEIYGIGYG NVIITNQH.LF RHNNGELTIK 
* 
KDFPVFPQKL RFREPTHEDK IVLVSTNFQE 
KDFPVFPQKL RFREPTHEDK IVLVSTNFQE 
KDFPVFPQKL RFREPTHEDK IVLVSTNFQE 
KDFPVFPQKL RFREPTHEDK IVLVSTNFQE 
GQCGNPMVST KDGFIVGIHS LTAISGDLNV 
GQCGNPMVST KDGFIVGIHS LTAVSGDLNV 
GQCGNPMVST KDGFIVGIHS LTAISGDLNV 
GQ.QGNPMVST KDGFIVGIHS LTAISGDLNV 
* 
EILKQMNKKN WCCGWKLNTA QIGWDGIKIV DDQPKDPFPV SKMAGLLNDL 
EILKQINKKN WCCGWKLNTA QIGWDGIKIV DDQPKDPFPV SKMAGLLNDL 
EVLKQMNKKN WCCGWKLNTS QIGWDGIKIV DDQPKDPFPV SKMAGLLNDL 






























Fig 3.12. Amino acid comparison of four BYMV isolates including part of the 6K2
protein, the entire Nla protein, and part of the Nib protein . Isolates BYMV-MI, BYMV­
Danish (Boye et al., 1992) , BYMV-S (Guyatt et al., 1996) , and BYMV-MB4 
(Nakamura et al., 1994) are numbered 1-4 respectively. Tyrosine63 of the Nia gene, the 
site of attachment of the viral genome to the VPg, is underlined. The presumed protease 
cleavage sites are indicated by a L1 (6K2-VPg), a :f: (VPg-protease), and a O (protease­
Nib ). The first residue of the putative NLS is indicated by a (0 The putative catalytic 
triad codons are underlined. They are histidine237, aspartic acid247, and cysteine342 of 
the Nia protein. Differences between the amino acid composition of the MI isolate and 
the other isolates are indicated by asterisks. Amino acids are indicated in single-letter 
code. 
The amino acid sequences of all four isolates of BYMV show a high degree of 
homology, although that of the Danish isolate (Boye et al., 1992) shows the 
highest homology (97.9%) to the MI isolate. The Japanese isolate (MB4) and 
the eastern Australian isolate (S) showed similar degrees of homology (93.1 and 
93.8%) to BYMV-MI (Table 3.1). 
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Table 3.1. An amino acid comparison of the degrees of homology(%) between the 
VPg, the protease, and the entire Nia gene of BYMV-MI with three other BYMV 
isolates. 
Isolate Gene 
VPg Protease entire Nia 
Danish 96.8 98.8 97.9 
s 87.4 98.8 93.8 
MB4 87.4 96.7 93.1 
A comparison of the domains within the Nia protein showed that the protease 
domain is more conserved than the VPg domain. This is probably due to the 
highly specific catalytic and cleavage site recognition functions of the protease. 
The putative roles of the VPg in protecting and priming �he 5' end of the viral 
genome may not require the protein to be as highly conserved as the protease. 
The difference of 6.2% in homology between the amino acid sequences of the 
two Australian isolates suggests that they may be derived from different 
geographical locations, and that the MI isolate may have originated in the same 
area as the Danish isolate (2.1 % difference). It also indicates that there have 
probably been more than one introduction of BYMV into Australia. However, 
it is possible that both isolates are indigenous to Australia. The relative 
geographical isolation of Western Australia from both eastern Australian, and 
other ecosystems may have allowed some variation to develop, which could 
account for the differences in the two isolates. This point will be clarified 
further when sequence data from other Australian isolates of BYMV becomes 
available. BYMV-MI was isolated in Western Australia from Melilotus indica, 
a legume with Eurasian origins, but this and other research has shown that 
BYMV-MI readily infects other legumes including T. subterraneum, Lupinus 
spp, Pisum, Vicia, and Phaseolus, any of which may have been the original 
source of inoculum if this strain is not indigenous to Western Australia. 
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ii) Protease cleavage sites
Four heptapeptide cleavage sites recognised by the Nia protease enzyme were 
compared for four isolates of BYMV (Table 3.2). The cleavage site 
protease/Nib was 100% conserved between the four isolates, and the 6K2/VPg 
site the least conserved (four differences). The site Nlb/CP in isolates MI, 
Danish and MB4 are identical, but BYMV-S is substantially different with three 
substitutions. Amino acids within the heptapeptide cleavage recognition site 
are labelled P6 - Pl and Pl'. The numbers indicate the position of the amino 
acid preceding the hydrolysed peptide bond, position 1 being closest to the 
hydrolysed bond. The cleavage site is located between Pl and Pl'. Codons at 
P4, P2, Pl, and Pl' were conserved between isolates for each site, although some 
codons varied between sites. Positions P6, PS, and P3 are less well conserved. 
Positions 6 to 1' are shown in Table 3.2 In all BYMV isolates P2 is always a 
phenylalanine (F) in the sites examined. The complete sequence of BYMV-S, 
recently published by Guyatt et al., (1996), shows that the phenylalanine at 
position P2 is conserved in all seveff cleavage sites recognised by the Nia 
protease. In other potyviruses, position P2 is often, but not always, conserved. 
For example, an alignment by Shukla (1994) showed that the potyviruses PVY, 
PepMoV, PRSV, TuMV, JGMV and PPV contain a histidine in all P2 positions 
except the Nia/Nib junction. Only TYMV contains a pheny !alanine in this 
position in nearly all cleavage sites. TEV also contains a phenylalanine at some 
P2 positions, including those in the junctions of 6K2/VPg, VPg/protease, 
Nlb/CP, and the recently discovered site between the protease and the 2kDa 
proteins (Allison et al., 1986; Dornier et al., 1986; Atreya et al., 1990; Parks 
et al., 1995). 
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Table 3.2. Amino acid comparison of four cleavage sites recognised by the Nia 
protease. The BYMV-MI Nlb/CP cleavage site was deduced from the coat protein - part 
Nib sequence ( see below). Amino acids which differ from the MI sequence are shaded. 
Positions 6 (P6) to l' (P 1 ') are shown. Amino acids are indicated in single-letter code. 
BYMV Country P6 PS P4 P3 P2 Pl Pl' Cleavage 
Isolate Site 
MI W .Australia E F V F Q G 6K2NPg 
Danish Denmark E F F Q G 
s E. Australia K F
❖/: 
F Q G 
l\.1B4 Japan K F V F Q G 
MI A D F D F E s VPg/Prot 
Danish A D F F E s 
s D F D F E s 
l\.1B4 D F D F E s 
MI L Q L s F Q' s- Prot/Nlb
Danish L Q L s F Q s 
s L Q L s F Q s 
l\.1B4 L Q L s F Q s 
MI L V C R F Q s Nlb/CP 
Danish V C F Q s 
s C F Q s 
l\.1B4 V C R F s 
There is some homology between the BYMV protease cleavage sites and the 
potyvirus consensus sequences derived from ten potyviruses and two 
bymoviruses. A comparison of four Nia protease cleavage sites of BYMV-MI
with the potyvirus consensus (Table 3.3) shows that the highly conserved 
residues found in twelve other potyviruses (ie the P3 site of 6k2/VPg and some 
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Table 3.3. Comparison of four heptapeptide cleavage sites recognised by the Nia 
protease of BYMV-MI and a potyvirus consensus. The potyvirus consensus was 
determined by Shukla, ( 1994) from a multiple alignment of ten potyvirus amino acid 
sequences and two barley yellow mosaic virus sequences. Amino acids are indicated by 
single-letter code. Partially conserved residues are indicated in lower case. Highly 
conserved residues, and the deduced amino acid sequence of BYMV-MI sites, are 
indicated in upper case. Non-conserved residues are indicated by an 'x'. BYMV-MI 
residues showing homology with the potyvirus consensus sequence are indicated in bold 
type. Amino acids are indicated in single-letter code. 
Junction Source Seauence 
6K2NPg Potyvirus Consensus e-x-x-V-h-q/ g
BYMV-MI K-E-F-v-F-Q/ G
VPg/protease Potyvirus Consensus x-x-v-x-x-E/x
BYMV-MI A-D-F-0-F-E/S
Protease/Nib Potyvirus Consensus x-x-v-x-x-q/x
BYMV-MI L-Q-L-S-F-Q/ S
Nlb/CP Potyvirus Consensus x-x-v-x-x-Q/x
BYMV-MI L-V-C-R-F-Q/S
The putative catalytic triad of the protease was conserved in all four isolates. 
A highly conserved potyvirus motif (G-x-C-G) which includes the cysteine of 
the catalytic triad (Shukla et al., 1994) was present in the motif G-Q-C-G in all 
four isolates of BYMV. 
iii) Nuclear localisation signal and RNA attachment site
Two active sites within the VPg of TEV and TVMV are the vRNA attachment 
site (Murphy et al., 1991), and the nuclear localisation signal (NLS) (Schaad et 
al., 1996). Sequences corresponding to these sites were identified in BYMV. 
A comparison was made between the nuclear localisation signal (NLS) of TEV 
(Carrington et al., 1991; Schaad et al., 1996) and the comparable region of 
BYMV (Table 3.4) . This region is rich in the highly basic amino acids arginine 





proteins which accumulate in nuclei (Dougherty and Parks, 19 91). The 
putative NLS in BYMV is located between residues 41-50 of the VPg. This 
motif is highly conserved between four B YMV isolates, and shows 
considerable homology with that of TEV. Where there is a difference between 
BYMV isolates in the highly basic residues, a lysine is substituted by an 
arginine. 
Table 3.4. A comparison between the Nia NLS of TEV (Schaad et al., 1996) and 
analogous sequences in BYMY isolates MI, Danish, S, and MB4. The amino acids 
which differ from BYMV-Ml are shaded. Amino acids are indicated in single-letter 
code. 
1EV l''' ·" :\t K 
MI ::It··· ,,. K 
Danish K K 
S K K 





























The NLS is located close to the highly conserved vRNA attachment site within 
the motif 'NMY', the tyrosine (Y) being the site of attachment. In TEV the 
tyrosine is located at residue 62 of the VPg, and in BYMV it is found at residue 
63 in a 'NMY' motif (Fig 3.12). 
iv) Hydrophilicity, solubility, and isoelectric point of the Nia protein
Analysis of the deduced amino acid sequence of the Nia gene with the 
sequence analysis program DNaid produced a series of values including the 
number of amino acid residues, the molecular weight, a measure of 
hydrophilicity, the insolubility factor, and the isoelectric point (Table 3.5). 
Table 3.5. Protein data for the BYMV-MI Nia, including the number of amino acid 
residues, the molecular weight, a measure of hydrophilicity, the insolubility factor, and 
the isoelectric point. 
VPg Protease entire Nia 
No. amino acids 191 243 434 
Weight (kDa) 22.1 27.1 49.2 
Hydrophilicity 0.4080 -0.0620 0.1450 
Insolubility 0.83 1.65 1.29 
Isoelectric Point 7.88 7.70 7.74 
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The estimated molecular weight of the BYMV-MI Nia protein is 49.2 kDa 
which is approximately the same as that calculated for other potyvirus Nia 
proteins (Shukla et al., 1994). 
The hydrophilicity index 1s a determination of the hydrophilicity or 
hydrophobicity of a protein. An extremely hydrophilic protein has a value of 
1.5, and an extremely hydrophobic protein has a value of -1.5. The VPg 
appears to be more hydrophilic than the protease and the entire Nia gene is 
more hydrophilic than the protease. 
The insolubility factor can be used to predict the in vivo solubility of 
recombinant proteins expressed at a high level in E.coli (i.e. whether or not 
they will form inclusion bodies). Proteins with an insolubility index >0.8 are 
75% likely to form inclusion bodies, those with an index <-0.8 are 75% likely to 
be soluble. With higher absolute values of the index, the confidence level of 
the prediction will be higher (=�95% if <-1 or >1). These data indicate that the 
VPg (0.83) is less likely to form inclusion bodies than the protease (1.65) or 
entire Nia (1.29), which are both very likely to form inclusions. The high 
insolubility factor calculated for the Nia protein indicates that it is extremely 
probable that it will form inclusion bodies if expressed as a protein within 
E. coli. Others in our research group have used the constructs developed in
this study to express the Nia protein in soluble form in E. coli and have found 
that it forms insoluble inclusions (Panutat,1996, pers. comm.). Yet, it is possible 
to express the Nia of other potyviruses ( eg, TEV, TuMV) in E. coli in a soluble 
form (Dougherty and Semler, 1993; Menard et al., 1995; Parks et al., 1995). 
This may be because the wild-type Nia protein of BYMV is more likely to form 
nuclear inclusions in host cell nuclei than some other potyviruses (see Chapter 
1). 
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v) The coat protein
Measures of the hydrophilicity, solubility and isoelectric point are presented in 
Table 3.6. The hydrophilicity index indicates that the C-terminus of the Nib is 
weakly hydrophobic, and the coat protein is weakly hydrophilic. The 
insolubility factor calculation indicates that the C-terminal region of the Nib is 
very likely to be soluble if expressed in E. coli, but there is greater than 7 5 % 
chance that the CP will form inclusions 
Table 3.6. Protein data for the C-terminal region of the Nib, and the entire CP of 
BYMV-MI. 
C-terminus Nib Coat protein 
Residues 82 273 
Weight (kDa) 9.42 30.76 
Hydrophilicity -0.1870 0.2420 
Insolubility -1.475 0.8900 
Isoelectric Point 5.14 6.69 
3.4.2 Conclusions 
The sequencing of the cDNA of the BYMV-MI Nia gene allowed comparisons 
to be done with other B YMV isolates and other members of the potyvirus 
family. The active sites within each Nia domain were identified and the termini 
of the gene were established, as were the location of the 3' end of the VPg 
domain and the 5' end of the protease domain. These data were essential for 
the design and construction of binary vectors harbouring Nia gene sequences. 
The design and construction of these vectors is discussed in Chapter 4. 
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Chapter 4. Design and Construction of Binary Vectors for Resistance to 
BYMV 
4.1 Introduction 
In this Chapter, the rationale behind the design of a series of binary vectors 
which have the potential to confer resistance to BYMV is given, together with 
the cloning strategies used and the results obtained. A separate materials and 
methods section is not provided. This is because the construction of the binary 
vectors was the result of a sequence of subcloning and analysis steps. Many of 
the methods were unique to one step in the process. Therefore, in this Chapter, ,,­
to make it easier to follow each step, the Methods and Results of each step are v
deliberately presented together. These Methods and Results are presented in 
four related parts. Part one describes the steps involved in developing two 
binary vectors based on the binary plasmid pT AB 10 (Di vision of Plant 
Industries, CSIRO, Canberra, Australia). Part two describes the introduction of 
point mutations to the Nia gene. Part three describes the construction of a new 
binary vector, pPZBexp. Part four describes the construction of a series of 
binary plasmids based on pPZBexp. 
4.1.1 Rationale and overview of binary vector construction 
One of the main aims of this project was to construct binary vectors containing 
viral sequences based on the Nia gene of BYMV within the left and right 
borders of the T-DNA which could confer BYMV resistance to host plants. 
Since production of functional proteins of potyviruses involves post­
translational cleavage of a single polyprotein, rather than the translation of 
single genes, the individual genes studied lack both transcriptional and 
translational elements. If protein expression of individual viral sequences in 
plants is necessary for engineered resistance, these elements must be added. 
Such elements were provided in the plant expression vector p UC 18cpexp 
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(Slightam, 1991). The plasmid pUC18cpexp contains the constitutive RNA 
promoter 35S from CaMV, a translational enhancer (the 5'UTR of CMV) with a 
translational start codon (ATG). The expression cassette also contains the 35S 
terminator region of CaMV (3'UTR). Viral gene sequences were cloned into an 
Neal site between the 5'UTR and the 3'UTR. The Neal site (CCATGG) was 
chosen because it contains an ATG and shares considerable identity with the 
plant translation consensus sequence (AACAATGGC) (Lutcke et al., 1987). 
The expression vector pUC18cpexp is not a binary vector, hence a subcloning 
step was necessary to clone the expression cassette, containing the BYMV 
cDNA sequences, into the T-region of a binary vector. 
4.1.2 Development of a new binary vector for rapid cloning 
To eliminate the need for a cloning step to pUC18cpexp before subcloning into 
a binary vector, a new binary vector was constructed by combining the binary 
vector pPZPlOO (Hajdukiewicz et al., 1994), the plant expression cassette of 
pUC18cpexp and the bar cassette of pTABlO. This new binary vector was 
called pPZBexp and was designed to facilitate the direct insertion of suitably 
digested PCR products into the T-region. However, it was found that although 
direct cloning of PCR products in this way was possible, it was inefficient. This 
was probably because Taq DNA polymerase was carried over from PCR, 
inhibiting restriction enzyme digestion (Bennett and Molenaar, 1994; Costa et 
al., 1994). Subsequently, this problem was eliminated by first subcloning PCR 
products into a 'T' vector designed for this purpose, pGEM-T (Promega), 
before Neal digestion and ligation into pPZBexp. In fact this subcloning step 
is also necessary for efficient cloning into the pUC18cpexp plasmid. 
4.1.3 Untranslatable viral cDNA and a point mutation 
Several of the binary constructs described in this thesis contain the ATG 
translation start codon in the correct reading frame for the Nia, or its domains, to 
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be translated. In one case the ATG translation start codon was deliberately 
positioned out of frame. Recent experiments have shown that potyvirus 
resistance in transgenic plants can be RNA-mediated (see Chapter 1). To test 
this possibility in some constructs, a translation termination codon was 
engineered downstream of the ATG translation initiation codon. These 
constructs were designed so that the transgene could be expressed at the 
mRN A level only, and not as a protein. 
The active site of the potyvirus Nia protease is a catalytic triad consisting of a 
histidine, an aspartic acid, and a cysteine residue (see Chapter 1). A point 
mutation was inserted which changed the putative catalytic cysteine342 (TGC) 
to a glycine (GGC) by a single base change. This plasmid was designed to test 
if an active protease was necessary to induce resistance to BYMV. 
4.1.4 Summary of steps and resulting constructs. 
An outlip.e of the major steps in the construction of the plasmids described here 
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Fig 4.1. An outline of the major steps involved in producing the binary plasmids 
described in this thesis. vRNA was reverse transcribed and a 4kb cDNA fragment was 
cloned into pGEM-T to yield pDAMl. This was used as the basis for subsequent Nla­
deriyed constructs. 
4.2 Methods and Results Part One. Construction of binary vectors based on 
pTABl0 
4.2.1 pTABl0 
pTAB 10 (Fig 4.2) was constructed by Linda Tabe (CSIRO, Division of Plant 
Industries, Canberra). It is a binary vector containing right and left border 
regions necessary for insertion in a plant genome by A. tumefaciens. It also 
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contains the herbicide resistance gene bar, used to select trans formants on PPT. 









Fig 4.2. Map of the binary vector pT AB 10, showing the right and left borders, and the 
bar (phosphinothricin resistance) gene cassette. 
4.2.2. Design of primers 16 and 17 
Two Ncol primer/adaptors (primers 16 and 17) were designed (Fig 4.3) to 
amplify a 1323bp fragment consisting of the Nia gene flanked by Ncol 
restriction sites. One ng of pDAMl was used as the template. A high-fidelity 
PCR successfully amplified a fragment of the expected size (Fig 4.4). The 1323 
bp PCR product was gel purified using a Wizard PCR Clean Up System Kit as 
described in Chapter 2. The DNA was ethanol precipitated, resuspended in 







Last 20 Bases Nia 5' AC'r'l'GCAGTTG AGCTTCCAG 3' 
Nlb 
Primer 17 3, TGAACGTGAAC TCGAAGGTC AGGTAC!JiTTACGA 5' 
5' GGCAAGAACA AGAGAACAAA 3' 1ST 20 Bases Nia 
5' G TCCAGCCATG GGCAAGAACA AGAGAACJ1.AA 3 1 PRIMER 16 
Fig 4.3. Design of Nco! primer/adaptors I 6 and 17 which anneal to each end of the Nia 
gene. The Nco! restriction enzyme site is underlined. An additional six nucleotides were 
added to the 5' end of each primer lo facilitate restriction. 
1323 bp --
1 2 3 
Fig 4.4. Agarose gel electrophoresis of the 1323 bp PCR product of primer/adaptors I 6 
and I 7, which amplified the Nia gene. These primers added Ncol restriction sites on 
each end of the fragment, an.d an in-ji·ame translation initiation signal (ATG) to the 5' 
end. Lane 1, A Hind Ill molecular weight marker; lanes 2 and 3, PCR product. 
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4.2.3 Cloning the Nia gene into pUC18cpexp 
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Restriction digestion of the 1323 bp PCR product (Fig 4.4) by Ncol was carried 
out under the following conditions: 
PCR product 
1 Ox restriction buff er 
lOOng 
2µ1 
Ncol (Promega) ________ l=--O ____ u 
Water to 20µ1 
The reaction was incubated at 37°C for 4 hours, followed by purification using 
a Wizard PCR Clean Up System Kit as described (Chapter 2) to remove the 
restriction enzyme, salts and small DNA fragments. Purified pUC18cpexp (Fig 
4.5) was digested at 37°C for 4 hours with Ncol as follows: 
Plasmid 













Fig 4.5. Map of pUC18cpexp showing the plant expression cassette flanked by Hindlll 
sites and containing an Ncol site at the site of translation start (ATG ). 
Following digestion, the cut ends of the plasmid were treated with CIAP to 
prevent religation (see Chapter 2). The CIAP was removed by digestion with a-
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protease (Biotech International). The CIAP-treated DNA was ethanol 
precipitated and resuspended in 1 0µl water. The restricted PCR product and 
the restricted, CIAP-treated, plasmid were ligated in a 1: 1 vector:insert molar 
ratio under the following reaction conditions: 
Plasmid DNA 50ng 
Insert DNA 
Ligase 1 OX buff er 
20ng 
1µ1 
T4 DNA ligase (Biotech International) 3 Wiess units 
Water to 10µ1 
The reaction was carried out at 14°C overnight. 
Half of the ligation mixture (5µ1) was used to transform chemically-competent 
E. coli cells (JM109). Cells were incubated overnight on LB plates coated with
IPTG and X-Gal. White colonies were analysed by restriction digestion. A 
clone containing the Nia gene in the correct (sense) orientation was entitled 
pDAP20. A clone containing the Nia gene in the incorrect (antisense) 
orientation was entitled pDAP42. 
4.2.4 Sequencing junctions of cloned inserts 
Confirmation of orientation and correct reading frame of inserts cloned into 
pUC18cpexp was carried out by dyedeoxy terminator sequencing. One 
sequencing primer (Expl) was designed to anneal within the CaMV35S region 
of the expression cassette and to extend across the 5' end of the Neal cloning 
site. Another sequencing primer (Exp2) was designed to anneal within the 
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Ncol Hindlll 
ampr 
GTTTCGCTCATGTGTTGAGC 3' Vector sequence 
CAAAGCGAGTACACAACTCG 5' Primer 
5' ACTGACGTAAGGGATGACGC 3' Vector sequence 
5' ACTGACGTAAGGGATGACGC 3' Primer 
Fig 4.6. Linear map of pDAP20 showing the position and sequence of primers Exp] 
and Exp2 used to determine the sequence of the junctions of genes cloned into the Nco/ 
site of the expression cassette. 
The vector sequence was found to be identical to that described in the 
publication describing the expression cassette (Slightam, 1991). Similarly, the 
Nla gene sequence was identical to that determined by sequence analysis of 











Fig 4. 7. Nucleotide sequence obtained from dyedeoxy terminator sequencing reaction 
to determine the junctions of the Nia gene ligated in a sense orientation into the Ncol site 
of pDAP20. (A) Primer Exp/ was used to determine that the 5' end of the gene was in­
frame with the ATG translation-initiation codon (underlined) contained within the Nco/ 
cloning site. The first nucleotide of the Nia gene is preceded by an asterisk. ( B) The 3' 
junction of pDAP20 was determined with primer Exp2. The last nucleotide of the Nia 
gene is followed by an asterisk. The Nco/ cloning site is underlined. In both cases the 
virus-sense strand is shown. The dotted line indicates the direction which the Nia gene 











Fig 4.8. Nucleotide sequence obtained from dyedeoxy terminator sequencing reaction 
to determine the junctions of the Nia gene ligated in an antisense orientation into the Ncol 
site of pDAP42. (A) Primer Exp! was used to determine the 5' end of the antisense 
gene. The first nucleotide of the antisense Nia gene is preceded by an asterisk. (B) The 
3' junction of pDAP20 was determined with primer Exp 2. The last nucleotide of the 
antisense Nia gene is followed by an asterisk. The Ncol cloning site is underlined. In 
both cases the virus-sense strand is shown. The dotted line indicates the direction which 
the Nia gene proceeds. The vector sequence is shown in italics. 
4.2.5 Cloning pDAP20 and pDAP42 into pTABl0 
The expression cassettes of pDAP20 and pDAP42, containing the Nia gene, 
were cloned into the binary plasmid pTAB 10. The pDAP plasmids contain 
Hindlll restriction sites on each end of the expression cassette. These sites 
could not be utilised for cloning this fragment into the binary vector because 
pTAB 10 does not contain a Hindlll site (Fig 4.2). Consequently, two 
primer/adaptors ( dapXbal and dapXba2) were designed to engineer Xbal sites 
onto each end of the expression cassettes (Fig 4.9) so that they could be cloned 
into the unique Xbal site of pT AB 10. 
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5' AATCCAGTGGTACCAAGCTT 3' Vector sequence
3' TTAGGTCACCATGGTTCGAAAGATCTTCAAGC 5' Primer 
Vector sequence 5' AAGCTTCCGGAAACCTCCTC 3'
Hindlll Xbal
5' TAGTAGTCTAGAAAGCTTCCGGAAACCTCCTC 3' Primer 
--Hindlll 
Xbal 
Fig 4.9. Linear map ofpDAP20 showing the sequence of primer/adaptors dapXbal and 
dapXba2 which were used to amplify the entire expression cassette containing the 35S 
RNA promoter, the 5' untranslated region, the Nia gene, and the 3' untranslated region. 
These primers add Xbal restriction sites to each end of the expression cassette to allow 
cloning into the binary vector pTABJO. 
High fidelity PCR was used to amplify the expression cassette of pDAP20 and 
pDAP42 with the primer pair dapXbal and dapXba2. The PCR product was 
purified by passage through a Wizard PCR Clean Up column and the Xbal sites 
digested under the following conditions: 
DNA (40ng/µl) 
lOx buffer 






The reaction was carried out at 37°C for 4 hours. The digested PCR product 
was purified through a Wizard PCR Clean Up column, ethanol precipitated, and 
resuspended in water. pTABlO was similarly digested by Xbal and 
dephosphory lated with CIAP. The CIAP was removed by digestion with a-
protease. The CIAP-treated plasmid was ethanol precipitated and resuspended 
in 10µ 1 water. The Xbal-digested PCR product and the Xbal-digested, 
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dephosphorylated, plasmid were ligated in a 1: 1 vector:insert molar ratio under 
the following reaction conditions: 
Plasmid DNA 
Insert DNA 




T4 DNA ligase (Biotech International) 3 Wiess units 
Water to  10µ1 
The reaction was carried out at 14°C overnight. 
Half of the ligation mixture (5µ1) was used to transform chemically-competent E.





M 1 2 3 4 5 6 7 
- 3280 bp
Fig 4.10. Restriction digest of pDAB20 and pDAB42 with EcoRI to determine 
orientations of the expression cassette. M = A.. Hind/// molecular weight marker. Lane 1, 
undigested plasmid; lanes 2-5, EcoRI digestion of four pDAB20 clones (Nia in sense 
orientation); lanes 6 and 7, EcoRI digestion of two pDAB42 clones (Nia antisense 
orientation). Lanes 2, 4, and 5 contain pDAB20 clones where the 35S promoters for the 
bar gene and the Nia gene transcribe in parallel (Fig 4.12). Lane 3 contains a pDAB20 
clone where the 35S promoters transcribe in opposite directions (Fig 4.11 ). Lanes 6 
and 7 contain pDAB42 clones with the 35S promoters for the bar gene and the Nia gene 
both transcribing in the same direction ( Fig 4.13 ). No pDAB42 clones containing the 
expression cassette in the other orientation were obtained. 
Clones containing the Nia gene in the sense orientation (from pDAP20) were 
entitled pDAB20, and clones containing the Nia gene in the antisense 
orientation (from pDAP42) were entitled pDAB42. The non-directional cloning 
of the pDAP-derived Xbal fragments into pTAB 10 resulted in two possible 
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configurations of each construct; either convergent ( transcribing towards each 
other) (Fig 4.11) or parallel (transcribing in the same direction) (Figs 4.12 & 












Fig 4.11. Deduced map of pDAB20 containing the expression cassette in the 
anticlockwise orientation. The 35S promoters in this plasmid are convergent. The Nia · 













Fig 4.12. Deduced map of pDAB20a containing the expression cassette in the 
clockwise orientation. The two 35S promoters in this plasmid transcribe in parallel, ie in 
{lie same direction. The Nla gene is in the sense orientation. 
EcoR.L pDAB42 
12900 bp 
Fig 4.13. Deduced map of the binary plasmid pDAB42 which is based on pTABl 0. 






A pDAB20 clone with the promoters on a convergent orientation was 
arbitrarily chosen for plant transformation. Plasmids were electroporated into 
Agrobacterium cells (AGLO and AGLl), the plasmid re-extracted, transferred to 
competent E. coli cells, and checked again by restriction enzyme analysis to 
confirm that they had an identical banding pattern to the parent plasmids. 
Transfer to E. coli before analysis was necessary because of poor plasmid yields 
from Agrobacterium, probably because of the low copy number status of 
pTABlO. 
4.3 Methods and Results Part Two. Construction of pCAT20 
4.3.1 Introduction 
The binary vector pCAT was designed to contain a point mutation at the first 
nucleotide of cysteine342 of the Nia protease. Cysteine342 is the third putative 
active site within the catalytic triad (H-D-C) of the Nia protease. This changed 
the residue from a cysteine (TGC) to a glycine (GGC), without altering the 
reading frame. A translationally 'silent' point mutation was positioned 11 bases 
downstream. This changed the third nucleotide of proline345 from a T to a C. 
The amino acid remained a praline. This mutation introduced a novel 
endonuclease site (Neal) into the molecule, simplifying primary screening of 
clones containing the mutations. The method chosen for introducing these 
mutations was a homologous recombination technique (Martin et al., 1995). 
4.3 .2 Mutagenic primers 
The entire pDAP20 was amplified by PCR using the mutagenic primer pair 
CatMutel & CatMute2. The primers are 40 and 41 nucleotides in length with a 
25 base complementary region (Fig 4.14). The resulting linear PCR product 
was separated from the circular plasmid template by electrophoresis on a high 
resolution agarose gel (Progen), then purified using the Wizard PCR Preps DNA 
Purification System. Chemically-competent E. coli cells (DH5a) were 
134 
transformed with the purified linear PCR product. Homologous recombination 







Template 5' > 3' 
,\ 
CatMuteI 5' GGCGGCAATCCCATGGTTTCCACCAAGGATGGGTTCATAG 3' 
1111111111 111111111111111IIII111111111 
CTCAACAGTAGCTGGGCAATGCGGCAATCCTATGGTTTCCACCAAGGATGGGTTCATAGTG 
I I 11111111111 I 111 1111111111 111111111111 
3'GTTGTCATCGACCCGTTCCGCCGTTAGGGTACCAAAGGTGG 5' CatMute2 





N col Hindlll 
ampr 
pCAT20 
Fig 4.14. Schematic representation of the construction of pCAT20 from pDAP20 using 
the mutagenic primers CatMutel and CatMute2. These primers introduced two mutations 
into pDAP20 to yield pCAT20. Mutations A and Bare indicated by arrows. Mutation A 
changed a cysteine to a glycine with a T > G Substitution. Mutation B substituted a T 
with a C, a 'silent' mutation which did not affect the amino acid composition. Mutation 
B introduced an Ncol site (underlined in CatMutel and shown in bold type in the linear 
map of pCAT20). 
4.3.3 Analysis of pCAT20 
Clones were screened by digestion with Ncol (Fig 4.15). This experiment was 
repeated twice but only one clone was obtained with the expected restriction 
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pattern. The clone exhibiting the novel Ncol site was sequenced with primer 
14a (see Chapter 2) across the point mutations to confirm that the mutations 
were in the expected positions (Fig 4.16). This sequence was compared to the 
corresponding region in pDAP20. The clone containing the desired mutations 
was entitled pCAT20. 





Fig 4.15. Restriction enzyme analysis of pDAP20 and pCAT20. Lane 1, A Hind Ill 
molecular weight marker; lane 2, JOO bp molecular weight marker; lanes 3 and 4, 
pDAP20 restricted with Hind/If ( 1913 bp) and Nco/ ( 1313 bp) respectively; lanes 5 and 
6, pCAT20 restricted with Hindlll ( 1913 bp) and Ncol ( 1046 and 267 bp) respectively. 
This agarose gel shows that a novel Ncol restriction site has been introduced into 








Fig 4.16, Sequence comparison of pDAP20 and pCAT20 showing two point mutations 
(A and B) introduced by the primers CatMute 1 and CatMute2. An unexpected point 









This sequence analysis showed that the two mutations were present as 
expected. Mutation A introduced a T to G mutation which changed the amino 
acid from a cysteine (TGC) to a glycine (GGC), without altering the reading 
frame. Mutation B introduced a transcriptionally 'silent' mutation which 
changed the third nucleotide of proline345 from a T to a C. The amino acid 
remained a proline. An unexpected point mutation was also present thirteen 
nucleotides upstream of mutation A. This resulted in an ACA-ACG mutation 
which was also 'silent' as the amino acid remained a threonine. 
4.3.4 Cloning the expression cassette of pCAT20 into pGEM-T 
Primers dapXbal and dapXba2 were used to amplify the Nia expression cassette 
of pCA T20 by PCR. This was necessary to add a Xbal restriction site to either 
end of the Nia expression cassette. Cycling conditions were as follows: 
94oc 1 O seconds 
60°C 1 minute 
720c 2 minutes 
for 30 cycles. 
The PCR product of approximately 1.9 kb was purified with Wizard PCR Preps 
DNA Purification System. The purified PCR product was cloned into pGEM-T 
in a 1: 1 molar ratio under the following conditions: 
pGEM-T 
PCR product 




T4 DNA ligase (Biotech International) 3 Wiess units 
Water to 10µ1 
The reaction was carried out at 14°C overnight. Following transformation into 
DH5a cells, clones were analysed by digestion with Neal and Xbal (Fig 4.17). 
A clone which yielded the expected banding patterns was entitled pGEM­
CAT20 (Fig 4.18). One band of 267 bp was generated by the novel Neal site. 
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Another band of approximately 230 bp results from digestion of a NcoI site 
within pGEM-T. 







Fig 4.17. Restriction enzyme analysis of pGEM-CAT20. Lanes 1 and 2, molecular 
weight markers A Hind/II and JOObp ladder respectively. Lane 3, plasmid restricted 
with Hind/fl. Lane 4, plasmid restricted with Ncol showing bands of expected size. 
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Fig 18. Deduced plasmid map of pGEMCAT20. The novel Ncol site is indicated in 
bold type. An Ncol site also exists within the multiple cloning site of pGEM-T. 
Despite several attempts, the Nia expression cassette from pGEM-CAT20 (XbaI 
fragment) was not cloned into the XbaI site of pPZBl0L 
4.4 Methods and Results Part Three. Construction of a new binary vector, 
pPZBexp. 
4.4.1 Introduction to pPZPl 00 
In order to overcome the need to clone genes into the expression vector 
pUC18cpexp before cloning them into pTABl0, a vector was designed for 
direct cloning into a binary vector. The binary vector pPZPl00 (Hajdukiewicz 
et al., 1994) (Fig 4.19) was obtained from Professor Pal Maliga (State University 
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of New Jersey). pPZPl00 contains the multiple cloning site (MCS) of pUC18 in 
the T-region between the left and right borders. pPZPl00 was used as the basis 
of all subsequent binary constructs because of the ease of cloning and analysis 
due to the MCS, and because it replicates to a high copy number in E. coli 
( about 200 copies per cell due to the ColE 1 replication origin fragment of 
plasmid pBR322) and A. tumefaciens (3-5 copies per cell due to the broad 
-- -----
host-range origin fragment of plasmid pVSl). Restriction analysis of A. 
tumefaciens clones containing pPZPl00-derived plasmids was considerably 
easier than analysis of pTAB 10-derived plasmids. This was because transfer of 
plasmids from Agrobacterium to E. coli prior to confirmation analysis was not 
required for pPZP clones. The copy number was sufficient to allow restriction 
analysis to be carried out on plasmids purified directly from A tumef aciens. 
EcoRISacl KpnlSmalBamHIXbalSallPstl 
Bell 6332 Hindll







Fig 4.19. Map of pPZP 100 showing position of the multiple cloning site located 
between the right border (RB) and the left border (LB). 
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4.4.2 Introducing the bar cassette into pPZPlOO 
The bar cassette from pTAB 10 contains a CaMV 35S RNA promoter, the bar
gene and an ocs3' terminator sequence (fig. 4.2). This was excised as an 
EcoRI/Xbal fragment of approximately 2650 hp and cloned between the left 
and right borders of similarly digested pPZPlOO. 
Restriction digest conditions were as follows: 
Plasmid DNA 200ng 
lOx restriction buffer D (Promega) 2µ1 
Xbal (Biotech International) 1 Ou 
EcoRI (Biotech International) ______ l�O ___ u
Water to 20µ1 
Digestion was carried out at 37°C for 2 hours. 
The digest mix was electrophoresed in a 1.5% high resolution agarose gel 
(Progen) until the fragments had separated. The bar cassette and pPZPlOO 
fragments were excised from the gel and purified by passage through the 
Wizard PCR Preps DNA Purification System. The bar cassette was mixed in a 
1: 1 molar ratio with pPZPl 00 and ligated under the following conditions: 
pPZPlOO 50ng 
bar cassette 
1 Ox ligase buff er 




3 Wiess units 
10µ1 
The reaction was carried out at 14°C overnight. 
Half of the reaction mix was used to transform chemically-competent E. coli
(strain DH5a). Clones were analysed by EcoRI and Xbal digestion (Fig 4.20). 
A clone containing bands of the expected sizes was entitled pPZB 101. A 





Fig 4.20. Restriction digest to show that the bar cassette from pTABJO has been cloned 
into pPZPIOO to yield pPZBJOJ. Lan.e 1, AHindlll molecular weight marker. Lane 2, 
EcoRIIXba/ digest of pPZBIOJ showing a band of the expected size of the bar gene 
cassette (2650 bp ). The 6600 bp band is the EcoRI/Xbal fragment of pPZP 100. 






pPZBlOl pBR322 oes 










Fig4.21. Map of pPZBJOJ containing the barcassette from pTABlO. 
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4.4.3 Introducing a plant expression cassette into pPZBlOl 
----- - -- - ---
T---0--------- - - ---• ••• •• •--.•1 -.::_-_:�-
The plant expression cassette from pUC18cpexp was amplified by "high 
fidelity" PCR with the primers dapXbal and dapXba2. Immediately following 
the reaction the PCR product of approximately 600 bp was purified using the 
Wizard PCR Preps Purification System and ligated into pGEM-T. The 
expression cassette was sequenced with T7 and SP6 primers in a dyedeoxy 
terminator reaction. After determining that the sequence was identical to that 
described by Hajdukiewicz et al. (1994), the cassette was removed from pGEM­
T by digestion with Xbal and gel purification as described above. pPZBlOl 
was also digested with Xbal and dephosphorylated with CIAP. The expression 




1 Ox ligase buff er 





3 Wiess units 
10µ1 
The reaction was carried out at 14°C overnight. 
The ligation mix was used to transform chemically-competent E. coli (DH5a) 
cells. 
Seven clones were analysed by restriction digestion with Neal and Sall
digestion to determined the orientation of the cassette within the binary vector 
(Figs 4.22 & 4.23). These were entitled pPZBexp. Five of these clones were 
found to contain the expression cassette in the counter-clockwise orientation, 
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Fig 4.22. Schematic diagram showing how digesting pPZBexp clones with Ncol and 
Sall restriction enzymes was used to determine the orientation of the expression cassette. 
Clones containing the cassette in a parallel orientation to the bar cassette yielded a Ncol­
Sall fragment of approximately 200bp. Clones containing the cassette in the convergent
orientation yielded a fragment of approximately 400bp. 35S = CaMV 35S RNA
promoter, 5'UT = CMV 5' untranslated region, 3'UT = CaMV 3' untranslated region,
RB= right border. The arrow indicated the direction of transcription. 
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-400bp
-200bp
Fig 4.23. Ncol/Sall restriction digest of pPZBl0J exp to determine the orientation of 
the expression cassette. Lanes 1 and 2, molecular weight markers A. Hind/II and 1 00bp 
ladder respectively. Lanes 3-6 and 8, clones contain the cassette in the convergent 
orientation to the bar cassette ( 400bp fragment). lanes 7 and 9, clones contain the 
cassette in the parallel orientation (200bp fragment). 
A clone containing the expression cassette in convergent orientation (ie. the 
35S promoters for the bar gene and the plant expression cassettes were 
transcribing towards one another) was chosen to be the basis of plasmids 
containing Nia sequences (Fig 4.24 ). 
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4.5 Methods and Results Part Four. Binary plasmids based on pPZBexp 4.5 .1 Introduction A series of primers were designed to amplify the whole of the Nia gene, or regions of the gene. The primers contained Neal restriction sites on either end for non-directional cloning into pPZBexp. These primers were based on the sequence of BYMV-MI. The Neal site also provided an in-frame methionine translation initiation codon (ATG). Some primers were designed with a translation termination codon (TGA) immediately downstream of the initiation codon. The following Nia-based PCR fragments were cloned into pGEM-T, excised by restriction digestion with Neal, then cloned into the Neal site of pPZBlOlexp. The names given to these binary plasmids are given in parentheses. i. The Nia gene in sense and antisense orientations (pPZBNia, pPZBNia-anti).n. The Nia gene in untranslatable form, sense and antisense orientations(pPZBNiaUT, pPZBNiaUT-anti).
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111. The VPg cistron m sense and antisense orientations (pPZBVPg,
pPZBVPg-anti). 
1v. The VPg cistron in untranslatable form, sense and antisense orientation 
(pPZBVPgUT, pPZBVPgUT-anti). 
v. The protease cistron in sense and antisense orientations (pPZBProt,
pPZBProt-anti) 
v1. The protease cistron in untranslatable form, sense and antisense 
orientation (pPZBProtUT, pPZBProtUT-anti) 
The orientation of the inserts was determined by restriction digestion and 
sequencmg. 
4.5.2 Design of primers to amplify the full-length Nia gene 
Four primers were designed to amplify the full-length Nia gene for cloning into 
pPZBexp (Fig 4.25). Primers 16 and 17 were also used to construct pDAB20 
and pDAB42 (see section 4.2). Primer 16 anneals to the 5' terminus of the Nia 
gene, and provides a translation-initiation codon within the Ncol cloning site. 
Primer 17 anneals to the 3' terminus of the Nia gene. It also contains an Ncol
cloning site. Primer 161 was based on primer 16, but differs in that it contains a 
frame-shift mutation down-stream of the translation-initiation codon. Primer 
NlaUT was also based on primer 16, but it differs in that it contains a translation­







Last 20 Bases Nia 5' ACTTGCAGTTG AGCTTCCAG 3' 
Nlb 
Primer17 3,TGAACGTCAAC TCGAAGGTC AGGTACCTTACGA 5'
5' GGCAAGAACA AGAGAACAAA 3' First 20 Bases Nia 
5' G TCCAGCCATG GGCAAGAACA AGAGAACAAA 3' Primer 16 
5' GT CCAGCCATGG TGCAAGAACA AGAGAACAAA 3' Primer 161 
5' GCAATTC CATGGATTGA GGCAAGAACA AGAGAACAAA 3' Primer NiaUT 
Fig 4.25. Sequence of primers used to generate full-length Nia gene fragments for 
cloning into the binary vector pPZBexp. The Ncol sites, containing the translation­
initiation codon (ATG), are singly underlined. The translation-termination codon in 
primer NlaUT is doubly underlined. A six base sequence was added to the 5' end of the 
primer to facilitate digestion. 
4.5 .3 Designing primers to amplify the Nia domains 
Six primers were used to amplify either the VPg or protease domains of the Nia 
gene in both translatable and untranslatable forms (Fig 4.26). Primers 16 and 
NlaUT primed the 5' end of the VPg domain, and primer 3' VPg was designed 
to anneal to the 3' end. Primers Prot and ProtUT primed the 5' end of the 
protease domain and primer 17 was used to prime the 3' end. 
148 
6K2 protease Nib ....-------
3'VPg 17 
GCAGATTTTG ATTTTGAG 3' Last 20 bases VPg 
CGTCTAAAAC TAAAACTC TCGGTACCGG 5' Primer 3'VPg. 
5' AGTCTCAGTA AAATAGGAGG 3' 1st 20 bases protease 
5' GCAA TTCCATGGAT AGTCTCAGTA AAATAGGAGG 3' Primer Prot. 
5' GCAATTC CATGGATTGA AGTCTCAGTA AAATAGGAGG 3' Primer ProtUT. 
Fig 4.26. Sequence of primers used to amplify the two domains of the Nia gene for 
cloning into the binary vector pPZBexp. The Ncol sites, containing the translation­
initiation codon (ATG ), are singly underlined. The translation-termination codon in 
primer protUT is doubly underlined. The sequences of primers 16, NlaUT and 17 are 
given above (Fig 4.25). A six base sequence was added to the 5' end of the primer to 
facilitate restriction. 
4.5.4 Cloning full-length Nia fragments into pPZBexp 
PCR products of the expected size were cloned into pGEM-T, and clones were 
analysed by restriction analysis with Neal restriction analysis. The Neal 
fragment was purified by high resolution gel electrophoresis as described 
above. 
The binary vector pPZBexp was digested with Neal and dephosphorylated as 
follows: 
Plasmid DNA 





Digestion was carried out at 37°C for 3 hours. 
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The mixture was treated with a-protease and further purified as described in 
Chapter 2. Ligation of a 1:1 molar ratio of cDNA Neal fragments to similarly 
digested pPZBexp was achieved under the following conditions: 
pPZBexp 50ng 
Full-length Nla (Neal fragment) 7ng 
OR: VPg or protease (Neal fragment) 2.5ng 
Ligase l0x buffer 1µ1 
T4 DNA ligase (Biotech International) 3 Wiess units 
Water to 1 0µl 
The reaction was carried out at 14°C overnight. 
Ligation product was transformed into chemically-competent E. coli (DH5a) 
cells. 
The Nla gene containing a frame-shift mutation (p161) was cloned into pGEM­
T, but several attempts to clone this gene into pPZBexp failed. 
4.5.5 Analysis of pPZB clones containing full-length Nla fragments 
Restriction analysis was used to determine if pPZB clones contained the 
expected viral cDNA fragment (Fig 4.27). 
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Fig 4.27. Restriction digests of pPZBJOJ, pPZBexp, pPZBNla, pPZBNia-anti and 
pPZBN!aUT. Lane 1, A Hind/II marker. Lane 2, JOO bp ladder marker. Lane 3, 
pPZBJOl cut with Xbal and EcoRI to yield a fragment of 2.65 kb containing the bar 
cassette. Lane 4, pPZBexp with Xba/ to yield the plant expression cassette of 
approximately 600 bp. Lanes 5, 6 and 7, pPZBN/a, pPZBNia-anti and pPZBN/aUT 
respectively, cut with Xba/ to yield a fragments of approximately 1.9 kb. 
4.5.6 Sequencing junctions of Nia clones 
Sequencing of the insert junctions within the binary plasmids was attempted 
with the sequencing primers Exp 1 and Exp2 (Fig 4.28). 
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5' GCGTCATCCC TTACCGCAGT 3' Vector 
3' CGCAGTAGGG AATGCAGTCA 5' Primer 
5' GCTCAACACA TGAGCGAAAC 3' Vector 
5' GCTCAACACA TGAGCGAAAC 3' Primer
Fig 4.28. Schematic diagram showing the position and nucleotide sequence of primer 
pairs dapXbal and dapXba2, and Exp! and Exp2. Primers dapXbal and dapXba2 were 
used to amplify the expression cassette by high-fidelity PCR. The PCR product was 
used as template for sequencing with Expl and Exp2. 
Poor sequence data was obtained, probably because of the large size of the 
plasmid (Sheppard, 1995, Applied Biosystems Industries, pers comm). To 
overcome this difficulty primers dapXbal and dapXba2 (see section 4.2.5) were 
used to amplify the expression cassette containing the insert in a high-fidelity 
PCR. These fragments were purified with the Wizard PCR Preps DNA 
Purification System and used as templates in sequencing reactions as described 
in Chapter 2. 
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Junctions of plasmids pPZBNia (Fig 4.29, Appendix 1), pPZBNiaUT (Fig 4.30, 
Appendix 1), pPZBNia-anti (Fig 4.31, Appendix 1), and pPZBNia-anti (Fig 4.32, 
Appendix 1) were sequenced in dyedeoxy terminator reactions primed with 
either Exp 1 or Exp 2. 
Plasmid maps of pPZBNia (Fig 4.33), pPZBNiaUT (Fig 4.34), pPZBNia-anti ::-­
















Fig 4.33. Deduced plasmid map of pPZBNia. The VPg and protease domains are 
shown to clarify the relative positions of restriction sites within the Nia gene. 
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Fig 4.34. Deduced map of pPZBNlaUT. The VPg and protease domains are shown to 
clarify the relative positions of restriction sites within the Nia gene. 
EcoRI 11192 Bell 10758 (Pvull 10312 Sspl 9900 Seal 9795 LB 9573�
cmr 
fhol 1264 acl 
?amHI 1858 
stl 2632 Sphl 8442 ___ _ pPZBNia-anti pBR322 11192 bp c--(c---_ bal indlll 
Clal 7717 Nhel 7678 
Protease 5 'UTR 35S RB 
y�col2844 
EcoRI 3916 BamHI4086 Ncol4146 Kpnl 4216 Hindlll 4540 bal Sall stl indlll 
Fig 4.35. Deduced plasmid map of pPZBNla-anti. The VPg and protease domains are 
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Fig 4.36. Deduced map of pPZBNiaUT-anti. The VPg and protease domains are 
shown to clarify the relative positions of restriction sites within the Nia gene. 
4.5. 7 Cloning the VPg and protease domains into pPZBexp 
The cloning strategy that was developed to clone full-length Nia fragments into 
pPZBexp was also used to clone the Vpg and protease domains. The primers 
described above (Fig 4.26) were used to amplify each domain of the Nia gene. 
These were cloned directly into pGEM-T, excised with Ncol, then subcloned 
into pPZBexp as described. Eight binary plasmids were produced; pPZBProt, 
pPZBProt-anti, pPZBProtUT, pPZBProtUT-anti, pPZBVPg, pPZBVPg-anti, 
pPZBVPgUT, and pPZBVPgUT-anti. 
4.5.8 Analysis of pPZBProt and pPZBVPg clones 
Clones harbouring the protease domain were analysed by restriction analysis 
with BamHI. The protease domain has a BamHI site at the 3' end which was 
used to determine the orientation of the domain in the expression cassette. A 
fragment of approximately 1060 hp indicated that the domain was in sense 
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orientation. A fragment of 1680 bp indicated that the domarn was in antlsensc 
orientation (Fig 4.37). 
1680 bp 
1060 bp 
1 2 3 4 5 6 
Fig 4.37. BamHI digests of pPZB clones containing the protease dornain of the Nia 
gene in order to determine orientation of the insert. Lcme 1, A Hind!!/ marker. lane 2, 
JOO bp marker. Lane 3, pPZBProt; lane 4, pPZBProt-anti; lane 5, pPZBProtVT,· and lane 
6 pPZBProtUT-anti 
Clones harbouring the VPg domain were analysed by PstI and HindIII
restriction. The VPg domain has a PstI site 15 nucleotides from the 3' end of the 
gene. There are also two PstI sites flanking the expression cassette, allowing 
determination of the 01ientation of the VPg fragment. HindITI excised the VPg 
expression cassette from the binary vector. Clones analysed in this way were 
pPZBVPg, pPZBVPg-anti, pPZBVPgUT and pPZBVPgUT-anti. 
Sixteen sets of sequencing data were obtained, one for each cloning junction of 
the eight binary plasmids described in section 4.5.7. In most cases the sequence 
and reading frame were as expected. The one exception was pPZBProt (and 
consequently, pPZBProt-anti) in which 25 extra nucleotides were found 
between the ATG translation start codon and the 5' end of the protease cistron. 
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Sequencing data showed that the reason for this was that the Neal site within 
the Prot5' primer had been eliminated by an unexpected point mutation, 
changing the Neal recognition site of CCATGG to CCATTG. The protease PCR 
product had been cloned into pGEM-T, then excised by digestion with Neal.
Because of inactivation of the Neal site within primer Prot5', the Neal site 
within the MCS of pGEM-T became the 5' cohesive end of the gene. This 
resulted in 25 extra nucleotides between the translation start codon and the first 
nucleotide of the protease domain being cloned into pPZBexp. Eleven of these 
nucleotides were from pGEM-T and 14 from the 5' tail of primer Prot5' (Fig 
4.38). The new translation start codon (ATG) was not in frame with the 
protease, therefore a functional protease would not be synthesised within a 




Fig 4.38. Sequence data showing the junction of the 5' end of the protease cistron 
cloned into pPZBProt. The active ATG translation start signal contained within the Ncol 
cloning site is underlined. The 5' nucleotide of the protease cistron is preceeded by an 
asterisk. The region between the translation start codon and the vertical bar (I) is 
homologous with the region between the Ncol site and the EcoRV cloning site within the 
MCS of pGEM-T. The sequence between the vertical bar and the first nucleotide of the 
protease cistron is homologous with the 5' end of primer Prot5' (see section 4.5.3). 
The 'T' indicated in large bold face type is an unexpected point mutation within the Ncol 
site of primer Prot5', rendering the expected ATG translation start an AIT. 
Sequence information from the cloning sites of plasmids pPZBProtUT (Fig 4.39), 
pPZBProtUT-anti (Fig 4.40), pPZBVPg (Fig 4.41), pPZBVPg-anti (Fig 4.42), 
pPZBVPgUT (Fig 4.43), and pPZBVPgUT-anti (Fig 4.44) are presented in 
Appendix 1. 
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Fig 4.46. Deduced map of pPZBProtUT-anti 
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Fig 4.47. Deduced plasmid map of pPZBVPg 
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Fig 4.48. Deduced map of pPZBVPg-anti 
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Fig 4.49. Deduced map ofpPZBVPgUT 
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Fig 4.50. Deduced map of pPZBVPgUT-anti 
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4.6 Discussion 
4.6.1 Improving cloning efficiency 
---] _ _  -: __ --- - �-
As this project progressed the cloning strategy was modified. Initially, PCR 
products containing an Neal site at each end were digested with Neal to 
generate cohesive termini before cloning into the plant expression cassette of 
pUC18cpexp. This was an inefficient process, although pDAB20 and pDAB42 
were sucessfully constructed by this method. There are several reasons why 
this cloning strategy may have been so inefficient. One is that digestion can be 
inhibited by restriction enzyme incompatability with polymerase buffers. 
Another is that there is usually a molar excess of primers left over from the PCR 
reaction. Some restriction enzymes are inhibited by the half-sites found on 
these primers (Costa et al., 1994). Another reason is that Taq DNA polymerase 
in the reaction mix fills in 5' overhangs generated by many restriction enzymes, 
including Neol. Taq DNA polymerase is an extremely resilient enzyme and is 
difficult to eliminate completely from PCR products (Bennett and Molenaar, 
1994). 
4.6.2 Subcloning into pGEM-T 
The problems associated with cloning PCR products were overcome by cloning 
them first into pGEM-T before digesting them with Neal. pGEM-T, and other 
similar vectors, contain a single 3' T overhang. This approach takes advantage 
of the terminal deoxynucleotidyl transferase activity of some thermostable DNA 
polymerases such as Taq which results in the addition of one or more 
nucleotides to the 3' ends of blunt-ended PCR products (Clark, 1988). The A 
overhang on the PCR product can anneal to the T overhang on the vector. 
After cloning into pGEM-T, cohesive Neal sites at the ends of the cloned PCR 
products were generated without inhibition from factors in the PCR mix, and 
the subsequent subcloning step was achieved more efficiently. 
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Taq polymerase does not add an A to the termini of all PCR products with 
equal efficiency (Hu, 1993). Taq extends a single G if the 3' nucleotide on the 
fragment is a G, but adds an A if the 3' nucleotide is a C. A 3' T results in the 
substitution of the T with an A, and a 3' A results in the addition of an A at very 
low efficiency. As a consequence, most of the primers-adaptors were designed 
with a 5' G, making the 3' ends of the PCR products a C. Some primer-adaptors 
had a 5' A but were still able to be cloned into PGEM-T, indicating that the 
findings of Hu ( 1993) are not consistent in all cases. Cloning PCR products 
into a T-vector could save costs by eliminating the need for a 5' overhang on 
the primer, necessary for restriction enzyme binding. However this may be 
offset by the cost of the T-vector, although there are a number of methods 
available for manufacturing these vectors (Jung et al., 1990; Marchuk et al., 
1991; Cha et al., 1993; Costa et al., 1994; Testori et al., 1994; Chaung et al., 
1995). 
4.6.3 Advantages of the vector pPZBexp 
The plasmid backbone may influence the efficiency of plant transformation 
using A. tumefaciens. Researchers at CLIMA, University of Western Australia, 
compared pTAB 10 and pPZPl 00-derived plasmids, including pPZBNla, 
pPZBVPg-anti, pPZBProt from this work. They achieved an apparent 
transformation efficiency of 2-12 % for L. angustif olius explants with pPZPl 00-
derived plasmids, but only 1-2% efficiency with pTABlO (Reid, 1996, pers. 
comm.). The three pPZB plasmids yielded approximately the same percentage 
of transformants, indicating that it was not the viral cDNA sequence that was 
causing the differences. Transformation procedures and A. tumefaciens strain 
(AGLO) were the same for both plasmids. The plasmid copy number may be a 
reason for the increased t�ansformation efficiency. pT AB 10 is a low copy­
number plasmid with 1-2 copies per cell in A. tumefaciens. pPZB plasmids are 
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relatively high copy-number in A. tumefaciens with 3-5 plasmids per cell 
(Hajdukiewicz et al., 1994). 
pPZB plasmids replicate strongly in E. coli to about 200 copies per cell 
(Hajdukiewicz et al., 1994 ). This makes analysis of these plasmids within 
E. coli easier than with the low copy-number pTABl0. The relatively high
copy number (3-5 per cell) of pPZPl00-derved plasmids plasmids compared to 
pTAB 10 also allowed confirmation of plasmid integrity within A. tumefaciens 
easier. It was necessary to transfer pTABl0-derived plasmids from transformed 
A. tumefaciens cells to E. coli cells before confirmational analysis. This was
because the amount of plasmid derived from small-scale plasmid preps of 
A. tumefaciens was insufficient to analyse by restriction analysis. pPZPl00-
derived plasmids could be analysed directly from small-scale plasmid preps from 
Agrobacterium. 
The construction of pPZBexp considerably simplified the steps involved in 
constructing binary vectors. The use of this vector eliminated a subcloning 
step into pUC18cpexp before subcloning into the binary vector pTABl0. 
However the subcloning step into pGEM-T described above was still necessary 
for efficient cloning. One way to eliminate this step would be to design a 
binary vector suitable for direct cloning of PCR products. There are a number 
of methods available for making T-vectors (see above), some of which could be 
applied to a binary vector. Cloning into a T-vector system would save time and 
costs involved with a subcloning step. 
4.6.4 Minimising Taq-induced mismatches 
PCR was used extensively to construct the binary plasmids described in this 
thesis. PCR allowed novel restriction sites to be added to each end of cDNA, it 
allowed addition of transcription signals, and facilitated the insertion of 
deliberate point mutations. Although PCR is a simple and fast way of 
modifying genes, researchers using this technique must be aware of potential 
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problems. Taq DNA polymerase has a reported nucleotide misincorporation 
rate of about 10-4 mutations per bp per cycle (Barnes, 1994). Taq-induced 
mismatches could be a problem if deleterious mutations arise in transgene 
products. This is less likely to be of concern in untranslatable constructs where 
there is no protein product. The development of a 'high fidelity' PCR protocol 
was an effort to minimise mismatches. A 'high fidelity' protocol was developed 
from 'long range' PCR protocols designed to amplify DNA fragments up to 
42 kb (Barnes, 1994; Cheng et al., 1994). Standard PCR has a length limitation 
of about 15 kb, although reliability and yield at this point are extremely low 
(Cheng et al., 1994). It is thought that nucleotide misincorporation causes the 
polymerase to fall off the DNA template resulting in termination of extension. 
DNA polymerases with 3' exonuclease ('proof-reading') activity such as Pfu 
would presumably remove these misincorporations, allowing extension to 
proceed. It has been found that polymerase mixtures containing Taq and a low 
concentration of a proof-reading polymerase such as Pfu give the largest 
extension products. Pfu alone does not successfully amplify PCR products of 
greater than 5-7 kb, possibly because it degrades the primers (Barnes, 1994). 
Because mismatches are removed, PCR products generated in this way should 
match the original template more accurately. The 'high fidelity' protocol used 
here differed from the standard PCR protocols by containing Pfu polymerase in 
low concentration, by containing 3% DMSO to lower denaturation 
temperature, and by a reduced strand-denaturation time of 10 sec at 94°C to 
minimise DNA damage such as depurination due to prolonged exposure to high 
temperature. 
4.6.5 Unexpected point mutations 
Two point mutations, possibly caused by Taq-induced misincorporation, were 
detected in plasmids. One was found in pCAT20 upstream of two deliberately 
introduced point mutations. The mutation was silent, resulting in no change at 
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the amino acid level. This plasmid was amplified from pDAP20 with two 
mutagenic primers and circularised in E. coli by homologous recombination. 
'High fidelity' PCR was not used to amplify this plasmid as it was considered 
that the 3' exonuclease activity of Pfu polymerase may have eliminated the 
mutagenic nucleotides within the primers. Because no proof-reading 
polymerase was used it is possible that one or more misincorporations occurred. 
Only the region containing the delibrately mutated region was sequenced, so it 
is possible that other mutations occurred elsewhere, but were not detected. It is 
also possible that an error occurred in the synthesis of these primers. 
The other unexpected point mutation was found in the binary vector 
pPZBProt. Here, the consequences were more serious as the Neal cloning site 
containing the translation initiation codon for the expression of the protease 
gene was abolished in a G to T mutation. This meant that when the PCR 
product was cloned into pGEM-T and subsequently removed by Neal
digestion, another Neal site located within the multiple cloning site of pGEM-T 
became the cloning and translation start site. This new cloning site was 25 
nucleotides upstream of the planned site, and was out of frame. Therefore, the 
protease protein could not be translated, and the mRN A products would 
contain regions of the vector and the six nucleotide 5' extension of the primer. 
This mutation may not have been the result of Taq-induced mutation. Rather, it 
may have been caused by an error during the synthesis of the primer. A similar 
error was detected in an earlier version of this primer and the manufacturers 
admitted fault. Whatever the case, these examples illustrate the importance of 
nucleotide sequencing to check cloned inserts, especially if PCR is a significant 
part of the cloning strategy. 
4.6.6 Sequencing junctions in binary plasmids 
Sequencing within binary vectors is difficult because of their large size (usually 
>10 kb). Dyedeoxy terminator sequencing is optimised for DNA fragments no
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larger than 7 kb (Sheppard, 1994, Applied Biosystems Industries, pers. comm.). 
This limitation was overcome successfully by amplifying the cloned insert with 
primers flanking the region, then sequencing across the junctions. Again, there 
is a risk of Taq-induced point mutations occuring during this amplification, but 
this potential problem can be overcome by repeating the sequencing reaction 
to confirm questionable nucleotides. It is unlikely that the same mutation 
would occur more than once. 
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Chapter 5. Plant Tissue Culture and Transformation 
5.1. Introduction 
5 .1.1 Agrobacterium tumef aciens 
Crowngall and hairy root are diseases caused by Agrobacterium tumefaciens 
and A. rhizo genes respectively. Agro bacteria are gram-negative bacteria in the 
family Rhizobiaceae. The cells are normally rod-shaped (0.6-1.0 by 1.5-3.0µm), 
non-sporing, and are motile with one to six peritrichous flagellae (Krieg and 
Holt, 1984). They are found throughout the world, usually in the rhizosphere of 
plants. They are soil bacteria but also opportunistic plant pathogens which can 
infect plant cells near wounds. A. tumef aciens usually infects plants at the base 
of the stem (crown) at the soil surface, producing a gall, and A. rhizogenes 
infection produces 'hairy roots' which are capable of growing in negatively 
geotropic fashion (Webb and Morris, 1992). Although the phytopathogenic 
characteristics of these bacteria have been known since early this century 
(Smith and Townshend, 1907), the complexity of the molecular biology of 
Agrobacteria was not appreciated until relatively recently (Hooykaas and 
Schilperoort, 1984 ). Wild strains of A. tumefaciens genetically transform the 
host plant genome with two genes encoding production of the auxin indole 
acetic acid, one gene encoding the cytokinin isopentenyl adenine, and genes 
encoding unusual amino acids known as opines. Different strains of 
A. tumefaciens produce one of various opines; such as octopine or nopaline.
A. rhizogenes strains produce either agropine or mannopine. The genes for the
phytohormones and octopine synthesis are found on a large plasmid ( :::::200 kb) 
known as the Ti (tumor inducing) plasmid in A. tumefaciens, and the Ri (root 
inducing) plasmid in A. rhizogenes (Webb and Morris, 1992). These plasmids 
can be swapped between species or lost altogether if bacteria are grown at 
temperatures above 30°C. Only about 10% of the Ti (or Ri) plasmid is 
transferred to plants. This region is known as the T-DNA (transferred DNA), 
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which is about 23 kb in size. The T-DNA is flanked by 25 bp repeated 
sequences known as the right (RB) and left (LB) borders. Acetosyringone and 
other compounds exuded by wounded cells stimulate the virulence (Vir) genes, 
which are contained within the Ti plasmid outside the T-DNA borders 
(Hooykaas and Schilperoort, 1984 ), to transcribe a site specific endonuclease 
(VirD2) which excises the T-DNA region between the borders. In some strains 
of A. tumefaciens an additional enhancer sequence within the RB, known as 
'overdrive', is required for efficient T-DNA transfer. Transfer of T-DNA is 
initiated at the RB and terminated at the LB. A current model for T-DNA 
transfer is that VirD2 gene product generates single-stranded nicks on the lower 
strands of the RB and LB. A single-stranded linear DNA molecule known as 
the T-strand is produced. The VirD2 protein attaches to the RB (5') end of the 
T-strand covalently by a phosphotyrosine bond. A single-stranded DNA­
binding protein, encoded by the VirE2 gene, then forms a complex with the T­
strand. The ss-DNA/protein complex is translocated and integrated into the 
host genome (Christie et al., 1988; Hooykaas and Schilperoort, 1992; 
Zambryski, 1992). It is thought that the VirE2 protein coats and protects the ss­
T-DNA from nucleolytic attack because in A. tumefaciens strains lacking a 
functional VirE2 gene, mainly truncated versions of T-DNA are integrated 
(Rossi et al., 1996). Promoter tagging experiments with promoter-less reporter 
genes have shown that integration of T-DNA frequently occurs in actively 
expressed regions of the host genome (Koncz et al., 1989). Agrobacterium­
mediated transformation of plants was thought to have no equivalent in other 
eukaryotic systems (Tinland, 1996). However, it was recently shown that 
A. tumefaciens can genetically transform the yeast Saccharomyces cerevisiae
(Piers et al., 1996). It appears that the gene transfer process from bacterium to 
plant may have evolved directly from bacterial conjugation, since the 
components and mechanisms are similar (Lessl and Lanka, 1994). 
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A. tumef aciens is isolated occasionally from human clinical specimens such as
blood, peritoneal fluid, urine, and cellulitis aspirates. There is one reported case 
of isolation of A. tumefaciens from the blood of a pregnant woman, and later 
from the blood of her stillborn, premature fetus (Southern, 1996). There are no 
reports of Agrobacterium-mediated transformation in vertebrate systems. 
The remarkable increase in research into plant molecular biology in the last ten 
years has been closely linked to the discovery of Agrobacterium-mediated 
transformation of plants. The development of binary vectors has simplified the 
development of constructs for plant transformation. Agrobacterium binary 
vectors are artificial plasmids which exploit the fact that only the cis-acting right 
and left border sequences are necessary for transfer of T-DNA, and that the Vir 
genes can act in trans. The binary vector system consists of both a binary 
vector, carrying the T-DNA, and a large Vir plasmid which carries all the Vir 
functions necessary for T-DNA integration. The Vir plasmid has been 'disarmed' 
by removing the wild-type T-DNA containing the phytohormone synthesis and 
octopine synthesis genes. 
Two binary plasmids were utilised in this project, pTABl0 (Division of Plant 
Industries, CSIRO, Canberra, Australia) and pPZPl00 (Hajdukiewicz et al., 
1994). pTABl0 is a 10kb, low-copy number (1-2 copies in A. tumefaciens) 
plasmid with a limited number of unique cloning sites. It contains the bacterial 
resistance gene for tetracycline (tet). pPZPl00 is relatively small (6.6kb ), high­
copy (3-5 copies in Agrobacterium) number plasmid with many unique cloning 
sites. pPZB 100 contains the bacterial chloramphenicol resistance gene cmr. 
For plant transformation in this work, the introduction of the bar herbicide 
resistance gene into explants, followed by selection for PPT resistance was used 
to identify putative transformed plants. The bar gene, isolated from 
Streptomyces hygroscopicus (Thompson et al., 1987), confers resistance to 
phosphinothricin (PPT), the active molecule in the herbicides Bialaphos and 
Basta (Hoechst). PPT is an analogue of glutamic acid, and inhibits the action of 
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glutamine synthetase in plant and bacterial cells, causing cells to die because of 
the toxic effect of ammonia accumulation (Akama et al., 1995). The bar gene 
codes for phosphinothricin acetyltransferase (PAT), which acetylates the free 
NH2 group of PPT, and thereby prevents autotoxicity in the transgenic plant . 
An additional advantage of PPT resistance is that crops expressing the bar gene 
should be herbicide resistant, and could be sprayed with Basta or Bialaphos to 
eliminate susceptible weed species. 
Plant Species 
5.1.2 Trifolium subterraneum 
Trifolium subterraneum (subterranean clover) is the most important annual 
pasture legume in southern Australia. It grows in more than 20 million hectares 
of pastures, which are the basis of meat, wool, dairy and crop production in the 
region (Helms et al., 1993). Because of the nitrogen-fixing capacity of legumes, 
T. subterraneum has contributed to a dramatic increase in productivity in such
pastures. This has resulted in the stock carrying capacity being more than 
doubled, wool production increasing by about 10%, and yields of cereals in 
rotation with legumes more than doubling (Gladstones, 1975; Cameron, 1984). 
However, in some areas, including W estem Australia there has been a significant 
decline in T. subterraneum pastures. (Gillespie, 1983; Gramshaw et al., 1989). 
One reason for this decline is virus disease, especially subterranean clover mottle 
sobemovirus and bean yellow mosaic virus (Wroth and Jones, 1991). For 
example, BYMV-infection of up to 90% of subterranean clover plants has been 
recorded in Western Australia (McKirdy et al., 1994) (see chapter 1). 
T. subterraneum was chosen as the target plant for transformation experiments
because it can be regarded both as a model legume species for lupins, which are 
the major target for this work, and because resistance to BYMV in this species 
may have in itself an economic benefit to agriculture. 
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5 .1.3 Nicotiana benthamiana 
Nicotiana benthamiana (Plate 5A) is a useful model plant for rapid testing 
BYMV resistance. It has been used extensively as a model plant in other 
experiments to engineer virus-resistance: it is known to be susceptible to 203 
viruses belonging to 26 virus groups (Horvath, 1993). It is also highly amenable 
to transformation and in-vitro culture. 
5.2 Materials and Methods 
5.2.1 Agrobacterium strains and plasmids 
The binary vectors pPZBNia, pPZBNia-anti, pPZBNiaUT, pPZB 101, and 
pPZBexp and pDAB20 were introduced into competent A. tumefaciens strains 
AGL0 and AGLl by electroporation as described in Chapter 2. pPZBNia was 
also introduced into strain LBA4404. 
5.2.2 Transformation of Trifolium subterraneum 
Seeds of T. subterraneum cultivars 'Junee', 'Woogenellup', 'Karridale', 'Goulburn', 
'Trikkala', 'Meteora', and 'Larissa' were obtained from Agriculture Western 
Australia. Transformation and in vitro culture (Plate 4B) were carried out as 
described in Chapter 2. 
An initial experiment to determine the amount of PPT needed to kill non­
transgenic T. subterraneum plants was carried out. Regeneration medium 
(Chapter 2) was supplemented with 0, 10, 30, 50 and l00mg/1 PPT. Ten 
explants were grown on each medium and monitored weekly. Symptoms of 
herbicide toxicity were apparent on all explants growing on all concentrations 
of PPT after one week and all plants were dead after three weeks. As a result of 
these results, and recommendations by Khan et. al., (1994), a concentration 
range of 20-50mg/l PPT was chosen to select putative transformants. Fifty mg/1 
was used in regeneration medium for the first 4 weeks, then reduced to 20mg/l 
until plants were transferred to rooting medium. 
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5.2.3 Vegetative propagation of TO T. subterraneum plants in the glasshouse. 
Cuttings 1-2 cm in length and containing an apical meristem were excised from 
the TO parent and the leaves removed. The base was dipped in Plant Cutting 
Powder (Yates) containing IAA (5Oµg/g) and NAA (2Oµg/g), and planted in 
coarse river sand. Rooted cuttings were transplanted into Target Premium 
Potting Mix and allowed to establish for 2 weeks prior to virus inoculation 
(Plate 4C). 
5 .2.4 Transformation of N. benthamiana 
The method used was essentially that of Horsch et. al., (1985) as described in 
Chapter 2. Explants were incubated on cocultivation medium with 
A. tumefaciens. Strains AGLO, AGLl and LBA44O4 containing pPZBNia, and
strain AGLO containing pPZBNiaUT-anti were used. Two weeks after 
transferring explants to regeneration medium containing 25mg/l PPT some 
regions on the leaf and stem explants pieces and stem segments remained green 
whilst other regions quickly became chlorotic, then necrotic (Plate 4A). 
Adventitious shoots emerged from the regions of living tissue and were 
transferred to rooting medium containing 25mg/l PPT. Rooted plantlets were 
then transferred to the glasshouse as described in Chapter 2. 
5.2.5 Identification of A. tumefaciens with the 3-ketolactose test 
A bacterium which appeared to be endogenous in T. subterraneum seeds 
caused the loss of many putative transformants after 4-5 weeks in culture. To 
establish if it was overgrowth of A. tumef aciens, or another pathogenic 
bacterium, a biochemical test was used (Bemaerts and Lat, 1963). Agrobacteria 
alone oxidise sugars at carbon 3 of the glycosy 1 moiety of di saccharides to 
produce 3-ketolactose. 3-ketolactose can be detected because it quickly 
reduces Benedict reagent. 
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Lactose agar medium was prepared as follows: 
Lactose 10.0 g/1 
Yeast extract 1.0 g/1 
Agar 20.0 g/1 
This was autoclaved and set in petri dishes. A loopful of A. tumef aciens 
(AGL0) and a loopful of the unknown bacterium were thickly applied to a small 
area (2 cm radius) on opposite edges of the plate and incubated at 28°C. After 
2 days, the plate was flooded with a shallow layer of Benedict reagent (173g 
sodium citrate and 100g anhydrous sodium carbonate dissolved in 600ml 
distilled water with heating. Cupric sulfate (17 .3g) was dissolved in 150ml 
distilled water and slowly added to the sodium citrate/sodium carbonate 
solution with constant stirring. The solution was made up to one litre with 
water) and allowed to incubate for 1 h at RT. If 3-ketolactose was present (ie. if 
the bacterium was A. tumefaciens) a yellow ring of Cu2O became visible around 
the cell mass. 
5.2.6 Gram stain 
In order to learn more about the unknown bacterium that appeared on explants 
of T. subterraneum after 4-5 weeks in culture, the bacterial cells were gram 
stained as follows: 
A loop of bacterial culture was smeared on a microscope slide. This was stained 
with crystal violet solution for 30 sec, then washed briefly with water. The slide 
was flooded with iodine solution which was washed off with water after 30 sec. 
The slide was then washed with 95% ethanol until the run-off was clear, then 
washed with water. The slide was stained with carbol fuchsin for 30 sec and 
washed with water. The cells were observed by light microscopy. 




A) Nicotiana benthamiana leaf and stem pieces in vitro on selective regeneration medium.
The green regions produced adventitious shoots which were later shown to be
transgenic.
B) Trifolium subterraneum exp/ants in vitro on selective medium. Exp/ants which failed
to thrive (top) we re discarded.
C) Cuttings of putatively transgenic T. subterraneum plants were rooted and planted into
potting mix for virus challenge at the 2-4 leaf stage.
D) Putative transgenic T. subterraneum plant Ts20.3C was inoculated with sap from
BYMV-infected plants four times but no infection symptoms were observed and particles
were not detected in leaves.
E) Putative transgenic T. subterraneum plant Ts20.3B was inoculated with sap from
BYMV-infected plants and showed symptoms of infection within 14 days. Symptoms





5.3.1 Trifolium subterraneum 
A total of 15162 explants of seven cultivars of T. subterraneum were 
cocultivated with A. tumefaciens cultures containing one of seven binary 
plasmids (Table 5.1). 
Table 5.1. The number of explants of each variety of T. subterraneum which were 
cocultivated with transgenic Agrobacterium tumefaciens. The binary plasmid names are 
given. The total number of explants cocultivated with each construct, and the total 
b if l t if h . ty . num er o exp an s o eac vane is given. 
Cultivar Binary Plasmid 
pDAB20 pDAB42 pPZBNia pPZBNia pPZBNiaUT pPZBlOl pPZBexp TOTAL 
-anti
Junee 985 329 820 417 752 848 785 4936 
Woogen- 690 497 1187 
ellup 
Karridale 196 664 1088 375 907 760 813 4803 
Goulburn 291 511 802 
Trikkala 491 406 146 200 123 89 138 1593 
Meteora 201 200 390 427 233 146 154 1751 
Larissa 90 90 
TOTAL 2944 2607 2444 1419 2015 1843 1890 15162 
Most explants died within 28 days on selection medium containing PPT. In 
addition, many putative transformants which did not die on selection medium 
within 28 days were subsequently· lost because of overgrowth of 
A. tumefaciens, or to an unidentified endogenous bacterium. A. tumefaciens
overgrowth was partially overcome by transferring explants to fresh plates 
every 7 days, but this was not completely effective. The unidentified bacterium 
was unresponsive to Timentin treatment. 
A total of 59 separate putative TO transformation events, putatively harbouring 
the T-DNA of six binary plasmids, survived the selection process and eventually 
produced roots on rooting medium. The hypocotyl segments from which these 
plants were derived had been cocultivated with A. tumefaciens containing one 
of six binary plasmids. Two of these plasmids were control plasmids with no 
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BYMV-derived cDNA, containing either the bar gene (pPZB 101) or the bar 
gene and the plant expression cassette (pPZBlOlexp) (Table 5.2). 
All T. subterraneum plants were designated with the prefix 'Ts' followed by a 
gene identification name and a line number, eg Ts20.1 = Trifolium 
subterraneum transformed with pDAB20, transformation event (line) 1. 
There were no obvious morphological differences between the putative 
transgenic plants and the untransformed plants. 
Table 5.2. Summary of T. subterraneum putative yO transformation events showing the 
plasmid, the number of putative transformation events, and the cultivar name. 
Plasmid Number of events Event names Cultivar 
pDAB20 14 Ts20.1 - .14 Junee 
pPZBNia 14 TsNia.l - .14 Junee 
pPZBNia-anti 7 TsNia-anti.1 - . 7 Meteora (2) 
Trikkala (5) 
pPZBNiaUT 2 TsNiaUT.1 - .2 Junee 
pPZBlOl 10 Tsbar.1 - .10 Junee 
pPZBlOlexp 12 Tsexp.l - .12 Junee 
Junee was the cultivar which proved to be most amenable to tissue culture and 
transformation, exhibiting a possible transformation efficiency of 1.05% (Table 
5.3). However, this figure represents only the percentage of explants which 
survived selection, and not necessarily the number of transformants. Five 
explants of Trikkala ( 0,31 % ) and two explants of Meteora (0 .11 % ) also survived 
the selection process. No explants of other cultivars survived the selection 
process, partially because of high incidences of endogenous bacterial 
contamination. 
Table 5.3 Summary of the transformation efficiency of cultivars of T subterraneum 
Cultivar Total No. ex11lants No. surviving % 11utative 
selection trans formants 
Junee 4936 52 1.05 
Woogenellup 1187 0 0 
Karridale 4803 0 0 
Goulbum 802 0 0 
Trikkala 1593 5 0.31 
Meteora 1751 2 0.11 
Larissa 90 0 0 
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The transformation efficiency of each plasmid is presented in Table 5 .4. The 
highest transformation efficiency was achieved with plasmid pPZBexp (0.63%) 
and the lowest with pDAB42 (0%). 
Table 5.4. Summary of the transformation efficiency of each binary plasmid. 
Plasmid Total No. exnlants No. exnlants % nutative 
survivirn! selection trans formants 
pDAB20 2944 14 0.47 
pDAB42 2607 0 0 
pPZBNia 2444 14 0.57 
pPZBNia-anti 1419 7 0.49 
pPZBNlaUT 2015 2 0.09 
_pPZBl0l 1843 10 0.54 
pPZBexp 1890 12 0.63 
5.3.2 Nicotiana benthamiana 
A total of 50 N. benthamiana explants were cocultivated with A. tumefaciens 
harbouring each plasmid. A large number of adventitious shoots were 
produced, and of these, twenty shoots which were putatively transformed with 
each plasmid were randomly chosen for transfer to rooting medium. Most of 
these produced roots on selection medium and were subsequently transferred to 
potting mix in the glasshouse. Of these, twenty six separate putative TO 
transformation events grew to maturity in the glasshouse. Some lines were lost 
due to fungal contamination in the glasshouse 
All N. benthamiana plants were designated with the prefix 'Nb' followed by a 
gene identification name and a line number, eg 'NbNia.2' indicates a 
N. benthamiana plant transformed with pPZBNia, transformation event (line) 2.
Some lines were vegetatively divided. These progeny were labelled with the 
name of the parent followed by a letter (eg. NbNia.2.1). Three strains of 
A. tumef aciens were used to transform N. benthamiana explants with plasmid
pPZBNia. Clones NbNia.1 - 4 were transformed with AGL0, NbNia.5 - 7 were 
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transformed with AGLl, and the remainder were transformed with LBA4404. 
Results are summarised in Table 5.5. 
Most of the putative transformants were morphologically indistinguishable from 
untransformed plants. However, two of the putative transformants (NbNia.4 
and NbNia.6) were considerably stunted and failed to thrive over a period of 
three months. 
Table 5.5. Summary of N. benthamiana yO putative transformation events showing the 
plasmid name, the number of events, and the event name. 
Plasmid Number of events Event name 
pPZBNia 11 NbNia.1-11 
pPZBNiaUT-anti 15 NbNiaUT-anti. l - 15 
The plant transformation and tissue culture experiments on T. subterraneum, 
and some of the transformation and tissue culture experiments on 
N. benthamiana, as well as subsequent glasshouse care of these plants was
carried out jointly with Li Hua, SABC, Murdoch University. 
5.3.3 Bacterial test 
The 3-ketolactose test and the gram-strain analysis of the bacterium 
contaminating T. subterraneum cultures showed that it was not A. tumefaciens. 
It was morphologically similar to A. tumefaciens, being a rod shaped, gram­
negative bacterium. Its identity was not determined. 
5.4 Discussion 
5.4.1 Agrobacterium strains 
A. tumefaciens  strain AGLl was used for all transformations of
T. subterraneum. Three A. tumefaciens strains containing pPZBNia were used
to transform N. benthamiana. For this small sample, the number of 
transformants were approximately the same for each strain, indicating that the 
strains were equally efficient in transforming N. benthamiana. More recently, 
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experiments to study the efficiency of different A. tumef aciens strains in 
transforming Lupinus species in our laboratory and at CLIMA, UW A (Li, 1996; 
Hoffmann, 1996; Fletcher, 1996; pers. comm.) showed that strains AGL0 and 
LBA4404 gave a higher transformation efficiency than AGLl. Although AGLl 
was also used by Khan et. al., (1994) for transformation of T. subterraneum, and 
by Pigeaire (pers. comm., 1993) for L. angustifolius, it is possible that a higher 
transformation efficiency with these species may be achieved with either of the 
other two strains. 
5.4.2 Bacterial contamination 
Many putative transformants were lost in vitro to an unidentified bacterial 
infection which was seed borne in T .  subterraneum. Explants appeared to be 
free of contaminating bacteria until after the 4th or 5th week. Then, a slightly 
pink-coloured bacterial mass formed on the tip of the explant and quickly killed 
it and contaminated the culture dish. It was initially thought that the 
contamination was caused by A. tumefaciens, but a biochemical and gram 
staining tests showed that this was not the case. Gram staining and observation 
by light microscopy indicated that it was a gram negative, rod shaped bacterium, 
similar in appearance to A. tumefaciens .. This bacterium was present in seeds of 
all T. subterraneum cultivars but its prevalence varied between different 
batches of seed. This bacterium appeared to be resistant to the antibiotic 
Timentin. Efforts to eliminate the bacterium were not successful. The only 
effective control was to transfer the non-affected explants to fresh medium as 
soon as infection was observed. Unfortunately, the bacterium appeared most 
often on explants containing vigorous green shoots, so the potential efficiency 
of transformation was considerably lowered. Overgrowth of A. tumefaciens 
especially strain AGL0, was also a problem, although comparatively minor. 
Often a plate would become overgrown with both bacteria. One way to avoid 
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contamination, and to use only that batch for subsequent experiments. This 
problem has been encountered by others working with transformation of this 
species at the Division of Plant Industries, CSIRO, Canberra, Australia (Jones, 
1996, pers. comm.). 
5.4.3 Plant species used 
The binary plasmids used in these plant transformation experiments were 
designed ultimately to be introduced into cultivated Lupinus spp. 
T. subterraneum was used as a model leguminous plant to determine if
constructs based on the NI a gene of BYMV conferred resistance to a 
leguminous species. It was also considered that BYMV resistance in susceptible 
T. subterraneum cultivars would be useful in its own right as infection can
result in significant losses of herbage and seed (Jones, 1994c). However, 
because of the weed potential of this species, the Genetic Manipulation 
Advisory Council (GMAC) of Australia has since requested that researchers at 
the Division of Plant Industries, CSIRO replace the Basta resistance in 
transgenic T. subterraneum with the kanamycin resistance gene (nptll) for field 
testing (Jones , 1996, pers. comm.). Transgenic T. subterraneum can be 
generated using the nptll kanamycin resistance gene for selection of transgenic 
lines by growth on kanamycin (Khan, 1995, pers. comm.). For the BYMV 
resistance constructs generated in this work, this requires replacing the bar 
gene cassette with a cassette containing a nptll (kanamycin resistance) gene. 
Of the seven cultivars utilised in this experiment, Junee showed the highest rate 
of survival on selection medium. This result was partially because of a lower 
incidence of endogenous bacterium in some batches of Junee seed. Initially, 
another cultivar, Karridale, appeared to be highly amenable to in vitro culture as 
a large number of explants grew vigorously on selection medium. However, this 
cultivar was heavily contaminated with endogenous bacteria, resulting in the 
loss of all Karridale explants. 
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N. benthamiana is a systemic host for BYMV and many other viruses (Horvath,
1993 ). This species is not of commercial value but the ease in which it can be 
transformed, its amenability to in vitro culture, its rapid growth, and its prolific 
seeding capacity ( ~200 seeds/pod) make it an ideal model system for analysis of 
BYMV-resistance genes. 
5.4.4 Plasmid backbone 
The binary plasmid backbone (pTAB 10 or pPZPl 00) did not appear to affect 
the transformation efficiency, although no explants harbouring the T-region of 
pDAB42 survived the selection process, indicating that there may be a loss of 
PAT expression in the bar cassette in this plasmid. 
Since this work began, some of the constructs developed here have been given 
to others (Li Hua and Katrin Hoffmann, (CLIMA, SABC, Murdoch University), 
and Natalie Fletcher (CLIMA, University of Western Australia)) for experiments 
to generate genetically transformed L. angustifolius, L. luteus, T. subterraneum 
and N. benthamiana, 
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Chapter 6. Analysis of Transformed Plants 
6.1 Introduction 
The putative transgenic T. subterraneum and N. benthamiana were analysed to 
confirm their transgenic nature. This work is described in this Chapter. The 
putative transformants were analysed by the following methods: PCR to detect 
the presence of transgenes; Southern analysis to confirm transgene presence 
and to determine copy number; PAT assay to determine expression of the bar 
gene; Basta challenge on the leaves to test the degree of tolerance to PPT; and 
virus challenge to test for possible resistance to BYMV. There was not enough 
time for every test to be done on every putative transgenic plant. A PAT assay 
was also done on transgenic A. tumefaciens cells containing the bar gene 
cassette. This was done to determine if PAT, expressed by A. tumefaciens, 
could protect non-transgenic explants in vitro. Soil samples were also taken 
from around TO plants in the glasshouse to assay for the presence of persisting 
A. tumef aciens.
6.2 Materials and methods 
6.2.l PCR 
Diagnostic PCRs were carried out with plant genomic DNA extracted by the 
rapid method (Wylie et al., 1993), or the method of Dellaporta et. al., (1993). 
Leaves were taken from different parts of the plant to minimise the possibility of 
choosing only non-transgenic leaves from a potentially chimeric plant. Primers 
15 and 19 (Fig 6.1) were used most often to amplify fragments of the Nia gene 
within putatively transgenic plants. Sequences of these primers are given in 
Chapter 3. Negative and positive controls were always included in PCRs. The 
negative controls consisted of untransformed plant DNA, and the positive 
control was lng of binary plasmid DNA containing the gene of interest. 
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Fig 6.1. Diagrammatic representation of the 5' end of the Nia gene showing the relative 
positions of primers 15 and 19 and the fragments amplified by PCR. 
A fragment from within the bar gene was also amplified to confirm its presence 
with the same cycle parameters as outlined above. The sequences of the bar
primers are as follows (5'>3'): BARI, TCTGCACCATCGTCAACCAC; BAR2, 





Fig 6.2. Diagrammatic representation of the bar gene showing the relative positions of 
primers BARI and BAR2 and the fragments amplified by PCR. 
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6.2.2 Southern hybridisation. 
DNA was extracted from 2-3g of young leaf material after the method of 
Dellaporta et. al., (1993) as described in Chapter 2. Five µg of DNA was 
resuspended in a volume of not more than 30µ1 TE buffer. This was incubated 
for 6-24 h with 20units of EcoRI (Biotech International) or BamHI (Biotech 
International) in the presence of the appropriate lx restriction enzyme buffer in 
a total vol of 50µ1. EcoRI was used to digest DNA which was to be probed 
with the Nia gene. Most of the Nia gene lies between an internal EcoRI site 
near the 3' end of the gene, and the right border. Any fragment detected by 
the Nia probe should result from cutting both the EcoRI site within the Nia 
gene and another site within the genomic DNA. Similarly, the BamHI enzyme 
was chosen for restricting DNA to be probed for the bar gene because this 
gene lies in the T-DNA between the left border and a BamHI site. 
The DNA fragments were electrophoresed in a 0. 7 % agarose gel and visualised 
by staining in ethidium bromide. Non-transgenic plant DNA was used as a 
negative control and a binary plasmid containing homologous sequences to 
those putatively in the transgenic plants was used as a positive control. 
A DNA probe template was synthesised by PCR amplification of a fragment of 
the bar gene with primers BARl and BAR2 (0.5 kb), or the Nia gene with 
primers 16 and 17 (1.3 kb). A binary plasmid containing a32P-dCTP-labelled 
probe was synthesised from 50ng of probe template with 'Ready To Go' DNA 
. labelling beads (Pharmacia) according to the manufacturer's instructions. 
Probes were denatured at 95°C for 3 min and hybridised to homologous DNA 
fixed to the nylon membrane as described in Chapter 2. In one case (Fig 6.8), 
'A HindIII molecufar weight marker was labelled with a32P-dCTP in a fill-in 
reaction using the Kienow fragment of DNA polymerase I (Biotech 
International) as described by Sambrook et al. (1989). Homologous sequences 
were visualised by exposure to X-ray film for 1-14 days at -86°C. 
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6.2.3 PAT Assay 
Activity of the bar gene product (PAT) was assayed in some T. subterraneum 
plants (Ts20 clones) and some N. benthamiana plants (Nb Nia clones) as 
described in Chapter 2. 
The PAT assay was also used to determine if PAT was expressed by 
A. tumefaciens. Three strains of transgenic A. tumefaciens cells containing a
plasmid with the bar gene cassette were grown in GYPC liquid medium 
containing chloramphenicol (50µg/ml). Strain AGL0 contained pPZBVPg, 
strain AGLl contained pPZBVPg, and strain LBA4404 contained pPZBNia. 
Non-transgenic cells of the three strains were used as controls. These were 
grown in GYPC liquid medium lacking chloramphenicol. Fifty µI of culture was 
added to 200µ1 PAT extraction buffer and the standard PAT assay procedure 
followed (Chapter 2). 
6.2.4 PPT challenge 
Plants were challenged with PPT to estimate the degree of tolerance to the 
herbicide. Solutions with PPT concentrations ranging from 100-1 000mg/1 were 
prepared by mixing technical grade Basta (50% PPT solution), two drops 
(~25µ1) Tween 80 (Ajax Chemicals) in a volume of 10ml distilled water. A 
control mixture containing the same amount of Tween 80, but lacking PPT, was 
also prepared. The mixtures were applied to individual leaves by wiping a 
soaked cotton bud on the leaf until all the upper leaf surface was wet. The 
herbicide was allowed to dry on the leaves for 16 hours following application. 
6.2.5 Virus Challenge 
Cuttings were taken from TO T. subterraneum plants Ts20.3, Ts20.7. Ts20.9, and 
Ts20.10 and rooted in coarse river sand as described in Chapter 4. Two 
putatively transgenic lines, Ts20.13 and Ts20.14, were not challenged with virus 
because of fungal contamination of these plants. Cuttings, rather than original 
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explants, were used for virus challenge to reduce the risk of losing plant lines. 
When plantlets derived from cuttings were at the third or fourth leaf stage, they 
were manually inoculated (as described in Chapter 2) with sap from the crushed 
young leaves from a T. subterraneum plant infected with BYMV. Symptoms of 
infection became apparent 10-14 days post inoculation (pi). If no symptoms 
appeared after 14 days, plants were inoculated twice more at 7 day intervals. 
Each time, non-transgenic control plants were infected to ensure that the 
inoculum was viable. 
An emerging leaf and an inoculated mature leaf was collected from each plant 
every 7 days for 21 days after the first 10 days pi. These leaves were analysed 
for presence or absence of BYMV particles by ELISA with an antibody to the 
CP of BYMV. Antiserum was obtained from the American Type Culture 
Collection (ATCC PV AS-368). 
The ELISA assays were performed by Brenda Coutts, Plant Pathology 
Department, Agriculture Western Australia 
6.2.6 Soil sampling for transgenic A. tumefaciens 
One to two grams of potting mix was taken from around the base of TO 
T. subterraneum and N. benthamiana plants which had been in the glasshouse
for periods ranging from 1-10 months. Samples were taken from Nb Nia lines 
which had been co-cultivated with AGL0, AGLl and LBA4404, and Ts20, 
TsNia, TsNia-anti, TsNiaUT, Tsbar and Tsexp lines which had been co-cultivated 
with AGLl . Soil was mixed with 5ml of sterile deionised water and allowed to 
incubate at RT for 30 min. An aliquot of 50µ1 was spread on GYPC plates 
containing rifampicin (50µg/ml) and either chloramphenicol (50µg/ml) (pPZB 
plasmids) or tetracycline (25µg/ml) (pDAB plasmids) and incubated for 48 hours 
at 28°C. Resulting colonies were streaked out on GYPC plates containing the 
same antibiotics. A 3-ketolactose test (Chapter 4) was performed to determine if 





PCR of DNA extracted by small scale preparations with primers 15 and 19 (Nla 
gene) (Fig 6.3) and BARl and BAR2 (bar gene) (Fig 6.4) indicated that the 
genes were present in some of the putative transgenic T. subterraneum plants. 
The results of these PCR assays also indicated that there were a number of 
'escapes', ie plants that were not transformed but had survived the in vitro 
selection process on PPT medium. 
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Fig 6.3. Gel electrophoresis of PCR products amplified from putatively transgenic 
T. subterraneum. A 434 hp product of the Nia gene (primers 15 and 19) was amplified.
Lane 1, 100 bp marker. Lanes 2-13, clones Ts20.J - Ts20.12. Clones Ts20.3, .4, .6,
.7, .9, .JO, .11, .12 show products of the expected size. Clones Ts20.2, .3, .5, .9 do
not show the fragment. Lane I 4, negative plant control. Lane 15, positive plasmid
control.
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Fig 6.4. Gel electrophoresis of PCR products amplified fronz putatively transgenic 
T. subterraneum. A 493 bp product of the bar gene (primers BARJ and BAR2) was
amplified. Lane 1, JOO bp marker. Lanes 2-13, clones Ts20.l - Ts20.12. Clones
Ts20.3, .4, .6, . 7, .9, .JO, .11, .12 show products of the expected size. Clones Ts20.2,
.3, .5, .9 do not show the fragment. Lane 14, negative plant control. Lane 15, positive
plasmid control.
Several weeks later, DNA fragments from small-scale prep samples from the same 
plants, plus Ts20.13 and Ts20.14, were amplified with primers BARl and BAR2 
(Fig 6.5). Surprisingly, the results indicated that Ts20.1 contained the bar gene, 
whereas previously it had not been detected in this clone. Ts20.4 and Ts20.6, 
which had previously appeared to be positive for the gene, were now negative. 
PCR assays with primers 15 and 19 or BARI and BAR2 were performed on 
these plant lines several times over a period of several weeks in an attempt to 
clarify these results. However, the same inconsistencies occurred. lt was 
thought that persisting transgenic A. twnefaciens cells on the plants may have 
been contaminating the samples, and causing false positive results possible. To 
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test this theory an experiment was performed to detect persisting 
A. tumefaciens in the rhizosphere around the plants (see 6.2.6 and 6.3.10) A
PCR with primers 16 and 17 which amplified a 1.3 kb fragment indicated that 
the full-length Nla gene was present in Ts20.l, 3, 7, 9, 10, 14 (Fig 6.6). 
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Fig 6.5. Gel electrophoresis of PCR products amplified from putatively transgenic 
T. subterraneum. A 493 bp fragment of the bar gene was amplified with primers BARI
and BAR2. Lane 1, 100 bp marker; lanes 2-15, clones Ts20.J - Ts20.14. Clones
Ts20.l, Ts20.3, Ts20.07, Ts20.9, Ts20.10, Ts20.l 3 and Ts20.14 show products of
the expected size (493 bp). Clones Ts20.2, Ts20.4, Ts20.5, Ts20.6, and Ts20.9 do not
show the fragment. lAne 14, negative plant control. Lane 15 positive plasmid control.
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Fig 6.6. Amplification of a 132 7 bp fragmen r in putatively transgenic T. subterraneum 
plants with primers 16 and 17. Lane 1, -l Hind/JI marker; lanes 2-7, Ts20.J, 3, 7, 9, 
10, 14. Clone Ts20.13 was not analysed because it died of fungal contamination. 
6.3.2 Southern hybridisation 
Southern hybridisations with a bar gene probe and a Nia gene probe confirmed 
that Ts20.3, Ts20.10, Ts20.13 and Ts20.14 contained both genes (Figs 6.7 and 
188 
6.8). A plant (TsNia-anti.1) transformed with the pPZBNia-anti plasmid also 
appeared to contain the Nla gene. These tests did not detect ej ther gene in 
Ts20. l, Ts20.4, Ts20.6, or Ts20.7 which had been positive in some PCR tests. 
The number of bands for each clone should indicate the copy number of the 
transgene in the genome. The bar probe and the Nia probe hybridised once 
with Ts20.3 DNA, indicating that there is a single copy of the T-DNA integrated 
into the genome. Both probes hybridise three times to Ts20.10 DNA. indicating 
that there are three copies of the transgene. Ts20.l3 and Ts20.14 show almost 
identical banding patterns for both probes, indicating that they are derived from 
the same transformation event. Both appear to contain one copy of the 
transgene, although two bands are visible in Ts20.13 probed with the Nia gene. 
TsNia-anti. l also appears to contain one copy of the Nia gene. 
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Fig 6.7. Southern an.alysis of genomic DNA (BamHl digest) derived from 
T. subterraneum Lines Ts20.l- Ts20.14, and probed with a 32P-labelled fragment of the
bar gene. Lane 1, positive control plasmid (pDAB20) DNA; lanes 2-15, Ts20.l -
Ts20.14 respectively. Plants Ts20.3 (lane 4 ), Ts20. 10 ( lane 11 ), Ts20. 13 ( lane 14) and
Ts20. l 4 ( lane 15) show bands which indicate that the bar gene is present in these plants.
Plant Ts20.5, which was consistently negative for this gene in. PCR assays, was treated
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Fig 6.8. Southern analysis of an EcoRl digest of genomic DNA derived from putatively 
transgenic T. suhterraneum lines which has been hybridised with a 32P-labelled Nia 
gene probe. Lane 1, ?i,Hindl/1 molecular weight marker (sizes indicated); lanes 2-15, 
Ts20.J- Ts20.14; lane 16, TsNia-anti.l. lines Ts20.3 (lane 4), Ts20.10 (lane 11), 
Ts20.13 (lane 14), Ts20.14 (lane 15), and TsNla-anti.l (lane 16) sh.ow bands, indicating 
th.at the Nia gene is present in these lines. The smearing in lane 10 is thought to be an 
artifact. Arrows indicate the positions of bands. Plant Ts20.5, which was consistently 
negative for this gene in PCR assays, was treated as a negative plant control. 
6.3.3 PAT assay 
A PAT assay indicated that none of the T. subterraneum plants which 
contained the bar gene expressed PAT (Fig 6.9). There was a small amount of 
non-target acetylation product present in the T. subterraneum samples that was 
absent in the L. angustifolius control. Subsequently, others with experience in 
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performing PAT assays with T. subterraneum indicated that this non-target 
acetylation could mask Basta acetylation. Therefore, it is necessary to 
significantly modify the assay procedure to accurately determine bar gene 
expression in this species with the PAT assay. Suggested modifications 
included using a lower concentration of total protein and adding the 
antioxidant ascorbic acid to the reaction (Khan, 1996, pers. comm.). The PAT 
assay conditions used here had been optimised for detecting PAT in Lupin us 
species (Jones, 1996, pers. comm.). 
1 2 
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Fig 6.9. PAT assay of putative transgenic T. subterraneum plant protein extracts 
showing that the bar gene was not expressed in any of the T. subterraneum plants tested. 
Lanes 1-3, transgenic control plants (Lupinus angustifolius) showing strong expression 
of PAT ( acetylated PPT, lower row); lane 4, Ts20.1; lane 5, Ts20.3; lane 6, Ts 20. 7; lane 
7, Ts20.9; lane 8, Ts20.10; lane 9, Ts20.13; lane 10, Ts20.14; lane 11, non-transgenic 
T. subterraneum control. The weak band present in the lower row is believed to be
caused by non-bar gene-mediated acetylation of P PT.
A PAT assay showed that A. tumef aciens containing the bar gene cassette did 
not express PAT (Fig 6.10). The results of this experiment were surprising as it 
was thought that the reason that several non-transgenic T. subterraneum 
explants survived PPT selection in vitro was that they were being 'cross 
protected' from the selective agent by expression of PAT in persisting 
A. tumef aciens. This experiment showed that this was not the case, and that
another mechanism was acting to protect untransformed explants from PPT. 
The experiment to determine if A. tumef aciens expressed PAT was done in 
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Fig 6.10. Results of a PAT assay showing that three strains of A. tumefaciens 
harbouring binary plasmids with a bar gene cassette did not express PAT. Lane 1, non­
transgenic plant control; lane 2, transgenic plant control (NbNia.l); lane 3, blank; lanes 4 
and 5, non-transgenic and transgenic ( containing plasmid pPZBN/a) LBA4404 
respectively; lanes 6 and 7, non-transgenic and transgenic ( containing plasmid 
pPZBVPg) AGLO respectively; lanes 8 and 9, non-transgenic and transgenic ( containing 
plasmid pPZBVPg) AGL] respectively. An arrow indicates the band of acetylated PPT 
in the positive control. 
6.3 .4 Tolerance to PPT 
Symptoms of damage due to PPT became apparent on leaves of 
T. subterraneum leaves within three days post-application. Initial damage was
apparent as leaf pallor (dullness of colour). Later symptoms included severe 
chlorosis, necrotic regions and leaf curling, especially around the upper margins 
of the leaf. Finally, necrotic leaves dried and fell from the plant. PPT was not 
translocated from the treated leaves to other leaves. Symptoms were scored 
after 7 days. All T. subterraneum plant lines were tested, and all were 
susceptible to 1 00mg/1 PPT, the lowest concentration tested. No damage was 
apparent from application of the control mixture facking PPT. 
6.3.5 Virus challenge 
Effectiveness of resistance to BYMV was determined by observing disease 
symptoms and by detection of virus particles in newly emerged leaves by 
ELISA. A mature leaflet and a newly emerged leaflet were assayed for the 
192 
presence of virus particles by ELISA at 10 days pi, then every 7 days until day 
31 pi.(Table 6.1 and 6.2). The ELISA data were closely correlated with the 
observation of symptom appearance. Mature leaves never showed symptoms 
of virus infection although virus was detected in some (Ts20.3A, Ts 20.l0A, 
Ts20.1 0C and non-transgenic control). 
Virus disease symptoms on the transgenic plants were identical to those 
observed on virus-infected non-transgenic control plants. Initial symptoms 
were vein chlorosis and some distortion in newly emerging leaves (Plate 4E). 
Several days later a mosaic pattern became evident, leaves were somewhat 
distorted and stunted, and petioles were considerably shortened. Flowering 
was considerably reduced or did not occur, and root growth was inhibited. 
Table 6.1. Absorbance readings from ELISA assays to detect BYMV in transgenic and 
non-transgenic T. subterranean plants at 10, 17, 24 and 31 days post-inoculation (pi). 
Cuttings from clones Ts20.3, Ts20.7, Ts20.9, and Ts20.10 were analysed. A standard 
concentration of BYMV particles was not used so figures are relative to controls. A 
figure of at least five times that of the non-inoculated control (ie 0.075) was considered to 
be positive for the presence of BYMV. One leaflet each was sampled from a mature ( old) 
leaf and and newly emerged leaf (new). The numbers refer to A405 nm readings. 
days pi 10 17 24 11 
Clone Ts20.3A (old) 0.017 0.053 0.089 0.069 
Ts20.3A(new) 0.010 0.021 0.449 0.632 
Ts20.3B ( old) 0.014 0.025 0.031 0.033 
Ts20.3B(new) 0.078 0.208 0.697 0.711 
Ts20.3C( old) 0.005 0.028 0.028 0.032 
Ts20.3C(new) 0.014 0.023 0.041 0.046 
Ts20.3D( old) 0.011 0.009 0.023 0.055 
Ts20.3D( new) 0.044 0.306 0.698 0.889 
Ts20.3E( old) 0.017 0.024 0.023 0.052 
Ts20.3E( new) 0.014 0.024 0.031 0.040 
Ts20. 7 A( old) 0.014 0.029 0.031 0.039 
Ts20.7 A(new) 0.162 0.066 0.564 0.666 
Ts20.9A(old) 0.128 0.014 0.041 0.048 
Ts20.9A(new) 0.185 0.729 0.811 0.732 
Ts20.9B( old) 0.002 0.023 0.032 0.069 
Ts20.9B(new) 0.205 0.444 0.523 0.833 
Ts20.1 0A( old) 0.011 0.016 0.524 0.564 
Ts20.10A(new) 0.009 0.424 0.747 0.801 
Ts20.10C( old) 0.016 0.035 0.093 0.127 
Ts20.10C(new) 0.012 0.002 0.017 0.033 
inoculated 0.013 0.026 0.672 0.883 
control ( old) 
inoculated 0.244 0.493 0.669 0.841 
control (new) 
uninoculated 0.009 0.012 0.014 0.009 
control ( old) 
uninoculated 0.009 0.019 0.016 0.015 
control (new) 
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Table 6.2. Summary of results of ELISA assay for the presence of BYMV in cuttings 
of T. subterraneum taken from four transformation events as shown in Table 6.1. A 'x' 
indicates that no virus was detected, a' -V' indicates a positive result. A mature leaf ( the
first character) and a newly emerged leaf (the second character) were assayed every 7
days. Shading indicates the plants in which no virus was detected. Samples from 
inoculated non-transgenic plants were used as positive ( +ve) controls for virus. Samples 
from uninoculated non-transgenic plants were used as negative (-ve) controls. 






The results of the ELISA tests show that three cuttings from two different 
transformation events (Ts20.3C, Ts20.3E and Ts20.10C) did not accumulate 
virus in new leaves 31 days pi (Plate 4D). Virus particles were detected in the 
old leaves of Ts20.1 0C at 24 days pi, indicating that there was virus replication 
occuring, but that the virus was restricted to the site of inoculation ( the mature 
leaves). Two cuttings showed delayed symptoms (Ts20.3A, Ts20.10A). The 
recovery phenotype ( see Chapter 1) was not observed in any of the plants 
which became infected. 
A summary of results obtained for tests performed on T. subterraneaum is given 
in Table 6.3. 
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Table 6.3. Summary of results of tests performed on putatively transgenic 
T. subterraneum lines. Tests included PCR assays, Southern analysis, virus challenge,
PAT assay and Basta application. The results of two PCR assays to detect the bar gene
are presented because the results were inconsistent. A '-V' denotes a positive result, the
'x' denotes a negative result, and a ' - ' denotes that the test was not carried out.
Clone PCR Southern Analysis Evidence of PAT assay 
bar Nla bar Nla BYMV and Basta 
1 2 resistance aoolication 
Ts20.l X ✓ ✓ X X - X 
Ts20.2 X X X X X - X 
Ts20.3 ✓ ✓ ✓ ✓ ✓ ✓ X 
Ts20.4 ✓ X X X X - X 
Ts20.5 X X X X X - X 
Ts20.6 ✓ X X X X - X 
Ts20.7 ✓ ✓ ✓ X X X X 
Ts20.8 X X X X X - X 
Ts20.9 " ✓ ✓ X X X X 
Ts20.10 ' ✓ ✓ ✓ ✓ ✓ X 
Ts20.ll " X X X X - X 
Ts20.12 ' X X X X - X 
Ts20.13 - ✓ - ✓ ' - X 
Ts20.14 - ✓ ✓ ✓ ' - X 




PCR assays of N. benthamiana plants with primers 15 and 19 (NbNia.1 -
NbNia.9) indicated that the Nia gene was present in 15 TO plants (Fig 6.11) 
The PCR was repeated with BARI and BAR2 primers (Fig 6.12). Clones 
NbNia.1.1 and NbNia.3 .1 were not included as the plants were lost because of 
fungal infection. 
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Fig 6.11. Visualisation of the PCR product generated with primers 15 and 19 ( 434 bp ). 
Lane], JOO bp marker; lanes 2-16, clones NbN/a.J, 1.1, 2, 2.1, 2.2, 3, 3.1, 3.2, 4, 5, 
5.1, 5.2, 5.3, 6, and 9 respectively; lane 17, water negative control; lane 18, non­
transgenic N. benthamiana negative control; lane 18, plasmid positive control. 
1 2 3 4 5 6 7 8 9 10 111213 1415 16 17 
493 bp-
Fig 6.12. Visualisation of the PCR product generated with primers BAR] and BAR2. 
Lane 1, 100 bp marker; lanes 2-14, clones NbN!a.J, 2, 2.1, 2.2, 3, 3.2, 4, 5, 5.1, 5.2, 
5.3, 6, and 9 respectively; lane 15, water negative control; lane 16, non-transgenic 
N, benthamiana negative control; lane 17, plasmid positive 
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6.3.7 Southern hybridisation 
Several Southern hybridisations were performed with bar gene and Nia gene 
probes on DNA from all the putative transgenic N. benthamiana plants. The 
digested genomic DNA was visualised (Fig 6.13) and successfully bound to a 
nylon membrane. However, several attempts to hybridise a radioactive probe to 
the membrane-bound genomic DNA were unsuccessful. The probes bound 
only weakly to a high concentration (50ng) of plasmid containing homologous 
sequence. This problem was experienced by others in our laboratory and was 
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Fig 6.13. EcoRI digest of approximately 5µg genomic DNA from 11 transgenic 
N. benthamiana clones visualised on a 0. 7% agarose gel. Approximately 5µg of DNA
was loaded into each well. Lane 1, A Hind/II molecular weight marker; lanes 2-12, 
genomic DNA; lane 15, plasmid positive control. 
6.3.8 PAT assay 
All of the putatively transgenic N. benthamiana plants tested were positive for 















Fig 6.14. An autoradiograph showing PAT activity in leaves. Lanes 1-11 show 
expression of the bar gene in N. benthamiana plants NbNia.1, 2, 2.1, 2.2, 3.2, 4, 5, 
5.1, 5.2, 6 and 9 respectively; lane 12 is a non-transgenic N. benthamiana plant. The 
acetylated product is the bottom row 
6.3.9 Tolerance to PPT 
All transgenic N. benthamiana plants showed degrees of tolerance to PPT at 
levels of l00mg/1 and higher (Table 6.4). The degree of damage due to each 
treatment was visually estimated to be either negligible, mild, moderate, or 
severe. Damage included chlorosis and necrosis, often first apparent around the 
upper margin of leaves. Control leaves always died within four days of 
application of l00mg/1 PPT. Some plants (NbNia.l, 2, 5, 5.2, 9, and NbNiaUT­
anti.1, 3, 3.1, 4.1, 5.1, 6, 7.1) showed only mild or no damage after application of 
1 000mg/1 PPT. Some clonal plants which were derived from vegetative 
propagation of a single parent showed different responses, eg NbNia.5, 5.1, 5.2. 
NbNia5 .1 was severely damaged at levels of 300mg/l and higher, but 5 was 
unaffected and 5 .2 showed relatively mild symptoms. In other cases, more 
damage was recorded from application of a lower concentration of herbicide 
than a higher concentration. For example NbNia2 was moderately damaged by 
application of 300mg/l but unaffected by 800mg/L The responses of leaves of 
two transgenic plants (NbNiaUT-anti 5.1 and 6.2) to the application of different 
concentrations of PPT is shown in Plate 5B. 
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Table 6.4. Summary of the observed responses of transgenic N. benthamiana lines to 
leaf application of five concentrations of PPT, 7 days post-application. Concentrations 
are given in mg/1. ✓✓ indicates negligible (1-10%) damage, +.Jx indicates mild (10-30%) 
damage, ✓xx indicates moderate (30-50%) damage, and xx indicates severe (>50%) 
d 1 di 1 . amage ea ng to como. ete necrosis. 
Clone 0 100 300 600 800 1000 
NbNia.l "" 
'I" '\''\/x '\/-vx '\XX ,'-vx 
NbNia2 ,,  ,/'\j '\XX \/\/ ·,,N ,'\/x 
NbNia2.2 Y\ ,I'\/ '\'\ X '\j'\J X ,/'\Jx '\ xx 
NbNia.3.2 '\'\ ,,  X '\'\ X '\J'\Jx ,xx . '\/xx 
NbNia.4 '\'\ Y\ X Y\ X \/xx '\XX xx 
NbNia.5 '\{\ '\'\ -Y'\ "" '\''\/ "" 
NbNia.5.1 '\/, Y\ X 'xx '\XX '\XX xx 
NbNia.5.2 '\J-....J Y\ ,''\/x '\l'\/x '\''\/x '\J'\Jx 
NbNia.6 '\/, '\''\ '\XX '\XX ,xx '\/xx 
NbNia.9 Y\ Y\ '\XX '\/'\/ '\''\ ,r'\/ 
NbNiaUT-antil '\'\ Y\ "" "" '\''\ ,'-vx 
NbNiaUT-anti3 ,i, '\''\ '\''\/ '\/xx ,', ,''\/x 
NbNiaUT-anti3. l '\'\ Y\ X '\'\ "" '\''\ X '''\/ 
NbNlaUT-anti4. l ·v, V\ '\''\ X '\J'\Jx '\ '\ X ,/\Jx 
NbNiaUT-anti5.1 '\', '\''\ '\'\ "" ,', -,N
NbNiaUT-anti6 ,, '\r"V '\ '\ "" y� '\/\/x 
NbNiaUT-anti6.2 '\''\ Y\ X '\XX xx '\ xx xx 
NbNiaUT-anti7 '\''\ '\''\ 'I" '\/, X '\ xx xx 
NbNlaUT-anti7 .1 '\''\ ,1, '\''\ "' ,''\/ \/\/ 
NbNiaUT-anti7 .2 Y\ '\''\ '\''\ "' ''\/x xx 
NbNiaUT-anti8 ,,  '\/, Y\ "" ,'-vx xx 
Control '\I'\ xx xx xx xx xx 
6.3.10 Soil sampling for transgenic A. tumefaciens. 
This test assayed for the presence of three domestic strains of A. tumef aciens in 
the potting mix around ex-vitro plants. Many microbial colonies grew on 
GYPC plates containing rifampicin and chloramphenicol or tetracycline. 
However, the 3-ketolactose test showed that none of them were 
A. tumef aciens.
6.4 Discussion 
6.4.1 Identification of transgenes 
The Nia and the bar genes were identified in four T. subterraneum plants by 




A) Nicotiana benthamiana plant in flower
B) The reaction of leaves of two putatively transgenic Nicotiana benthamiana plants
(NbNiaUT-anti 6.2 and 5.1) 7 days post-application of different concentrations of
phosphinothricin (0, 100, 300, 600, 800, l000mgll) contained in the herbicide Basta.
Plant NbNiaUT-anti 6.2 (top) was partially resistant to PPT at l00mg/1 but showed
severe damage at higher concentrations. Plant NbNiaUT-anti 5.1 was highly tolerant of
PPT levels up to l000mg/1. Nontransgenic control plants always died within 7 days
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Ts20.3, Ts20.13, and Ts20.14 contained a single copy of the T-DNA per cell and 
that Ts20. l O contained three copies. Seven lines of N. benthamiana (Nb Nia. 
lines) were shown to contain the Nia and bar genes by PCR analysis, and 
research is continuing to determine the copy numbers by Southern analysis, and 
to analyse the remaining lines. 
6.4.2 Possible limitations of PCR analysis of the TO generation 
PCR analysis was used as a rapid way of identifying putative transformants. 
However, results were inconsistent when PCR was performed on samples from 
small-scale DNA preparations. This may have been due due to impurities in 
extracts or to the chimeric nature of some TO transformants (Peach and Velyen, 
1991; Dong and Mchugen, 1993) Chimeras may be a mosaic of transgenic and 
non-transgenic cells and/or tissues . Small-scale DNA preparations were made 
from 2-4 leaflets taken from different leaves, but the sample size appears to be 
too small to be sure of acquiring transgenic material consistently. Large-scale 
DNA preparations from 2-3g of leaves taken randomly from all over the plant 
should yield more consistent results. Dilution of extracts may dilute impurities 
but allow sufficient DNA template to remain for PCR amplification. 
6.4.3 bar gene expression in plants 
PAT assays of the T.  subterraneum plants tested did not show expression of the 
bar gene although it was in fact present. Transgenic N. benthamiana plants 
strongly expressed PAT. The bar gene cassette within the T. subterraneum 
plants and the N. benthamiana plants was identical, indicating that the cassette 
was not faulty. This suggests either that the PAT assay conditions need to be 
further optimised to detect PAT activity for T. subterraneum, or that silencing of 
the bar gene or its promoter occurred in T. subterraneum. This may have 
occurred during the rooting stage in vitro, where no selection was applied, or 
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detected by PAT assay in all T. subterraneum plants tested, including the non­
transgenic control, indicating that a naturally occuring enzyme was possibly 
degrading PPT in vitro, providing non-transgenic explants a degree of 
protection on selection. Khan et. al., (1994) used essentially the same bar 
cassette as used in this project, and showed that the bar gene was strongly 
expressed in T. subterraneum. However, the conditions used here for the PAT 
assay were optimised for PAT assays of lupin extracts, whereas Khan et. al., 
(1994) used different conditions for T. subterraneum. Bar gene expression did 
not appear to be influenced by the copy number of the transgene as has been 
reported (Flavell, 1994; Matzke et al., 1994; van Blokland et al., 1994) since 
plant clones containing a single transgene copy were phenotypically identical 
to that containing three copies. However, single transgene insertion events 
have also been shown to be silenced by methylation (Prols and Meyer, 1991), 
indicating that gene silencing may have been the cause of bar gene inactivation 
here. The presence of two CaMV 35S RNA promoter regions may have 
contributed to the inactivation of the bar gene. Khan et. al., ( 1994) also used a 
binary plasmid containing two CaMV 35S promoter regions to transform 
T. subterraneum with no reported transgene silencing.
The differences in bar gene expression between the two species could also be 
due to methylation, because of different isochore (AT content) in the genomes 
of the two species, positional effects, or stress-induced inactivation. The 
T. subterraneum plants did suffer a period of stress in one glasshouse chamber
where possibly toxic levels of atmospheric sulfur was present, and where they 
became heavily infested with two-spotted spider mite. The bar gene has been 
shown to be inactivated by prolonged high temperature stress (Walter et al., 
1992). 
Expression of the bar gene in N. benthamiana conferred resistance to PPT at 
concentrations of up to 1 000mg/1 (2000mg/l technical grade Basta), although 
there were differences in tolerance between vegetative clones of a single plant, 
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and between leaves on individual plants. This may also be a result of the 
chimeric nature of TO plants, or the age of the leaf, or a fault in the method of 
application. The effect of PPT is influenced by the amount of metabolic activity 
within the treated leaf tissue (Deblock et al., 1995). A more accurate 
application method may be to add a given amount of each treatment, then 
spread it over the leaf with a non-absorbent applicator. However, others at 
CLIMA, University of Western Australia, with experience in assessing PPT 
tolerance in transgenic lupins indicated that application of exact amounts of 
each treatment concentration is not necessary to accurately assess tolerance 
(Fletcher, 1996, pers. comm.). Fletcher routinely applies PPT as a spray, or by 
wiping leaves as described here. 
6.4.4 bar gene expression in A. tumefaciens 
The identification of a number of T. subterraneum 'escapes' which survived 
regeneration on medium containing PPT levels which were lethal to non­
transgenics, prompted an experiment to test whether PAT was expressed by 
transgenic A. tumefaciens harbouring the bar cassette. It was thought that 
A. tumefaciens adhering to the explants may have been acetylating PPT
surrounding the plant, thus protecting it. The CaMV 35S RNA promoter drives 
the bar gene in all the binary plasmids described in this thesis and this promoter 
has been shown to be active within E. coli (Assaad and Signer, 1990). One 
reviewer suggests that gene expression by A. tumefaciens may cause false 
positives after transformation (Potrykus, 1990). However, the experiment 
described here indicates that A. tumefaciens does not express PAT in vitro. 
Khan et. al., ( 1994) found that they achieved selection of transformants on 
50mg/l PPT. Our experiments showed that non-transgenic explants died 
quickly on PPT concentrations of 1 0mg/1. It is possible, therefore, that another 
mechanism may be operating to protect nontransgenic explants. One such 
mechanism may be that a 'raft' of transgenic callus was protecting the explant 
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from contact with the herbicide. Callus growth was apparent at the base of 
explants, and this was only removed upon transfer to rooting medium, which 
did not contain PPT. In contrast, N. benthamiana plants were rooted in medium 
containing PPT. Those explants which did not produce roots were discarded. 
This may explain why no escapes were apparent amongst N. benthamiana 
lines. Eliminating escapes at the in vitro stage does not need to be given a high 
priority providing the proportion is low, and they can be readily detected at the 
TOil stage in the glasshouse. 
6.4.5 Virus resistance 
Resistance to manually inoculated BYMV was apparent in plants Ts20.3C, 
Ts20.3E and Ts20.10C, but not in other vegetatively propagated plants from 
the same lines, indicating that resistance was not equally effective throughout a 
plant. A similar effect was apparent in the PPT tolerance experiment in 
N. benthamiana discussed above. This is may be because of the possible
chimeric nature of TO transgenic plants. Southern hybridisation of DNA from 
each of these cuttings would determine if this is the case. Challenge with 
viruliferous aphids and grafting with virus-infected scions should be carried out 
to challenge these plants before field trials. These plants should also be 
challenged with other viruses, including the closely related species clover 
yellow vein virus. 
6.4.6 Persisting A. tumefaciens 
The apparent absence of persisting A. tumef aciens in potting mix from around 
the base of ex-vitro plants was surprising. Others have shown that domestic 
A. tumefaciens (strain C58Cl) can be isolated from soil for at least several
months after transfer of transgenic plants to potting mix (Matzk et al., 1996). It 
is possible that our detection methods were not sensitive enough to detect very 
low levels of the bacterium. This would seem to be unlikely as 1-2 grams of 
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potting mix was sampled, and previous A. tumefaciens transformation 
experiments studies have shown that single cells readily form colonies within 48 
hours on selective medium. However, to be sure that A tumefaciens are not 
present in the soil, larger soil samples may need to be collected, and samples 
incubated in enrichment medium for several days prior to selection. 
6.4.7 Concluding remarks 
Time constraints did not allow T1 generation plants of either species to be tested 
for tolerance to PPT or resistance to BYMV. Seeds of both species are presently 
being collected. The results of herbicide and virus challenge of TO plants may 
not reflect the response of subsequent generations derived from these plants. 
TO plants are likely to be hemizygous. Transgenic flowers of TO plants which are 
self-pollinated will result in homozygous progeny. It has been shown that 
transgenic plants which are homozygous for viral resistance genes are more 
highly resistant than hemizygous plants ( de Peyter et al., 1996). Another study 
showed that gene silencing occurred in only 4% of hemizygous 
Arabidopsis thaliana plants expressing the RolB gene in shoots, but silencing 
occurred in 54% of homozygotes (Dehio and Schell, 1994). As virus resistance 
is likely to be related to some forms of gene silencing (see Chapter 1), 
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Chapter 7. General Discussion 
7.1 Overview 
The overall aim of this project was to develop and apply binary vectors, based 
on the Nia gene of BYMV-MI, to a breeding program to introduce BYMV 
resistance and herbicide tolerance to cultivated Lupinus species. To achieve 
this aim, four major steps were followed: 
i) to clone and determine the nucleotide sequence of the Nia gene of BYMV­
MI, 
ii) to develop a range of binary constructs based on the Nia gene for plant
transformation, 
iii) to generate transgenic Trifolium subterraneum and Nicotiana benthamiana
plants as model systems for virus resistance and herbicide tolerance, and to 
confirm their transgenic nature, 
iv) to challenge transgenic plants with BYMV and the herbicide
phosphinothricin, and to determine if virus resistance and herbicide tolerance 
was conferred by the transgenes. 
The Nia sequence of BYMV-MI was determined, and from these data ,a range of 
binary vectors was deyeloped. These were used to genetically transform 
T. subterraneum and N. benthamiana plants, some of which were analysed in
detail to confirm that the transgenes were present. Virus challenge and 
herbicide application indicated that expression of the transgenes occurred in 
some of the transgenic plants. 
7 .2 The sequence of the Nia gene 
A comparison of the nucleotide sequence of the nuclear inclusion 'a' gene of 
BYMV-MI with those of other isolates showed that this isolate is closely related 
to other BYMV isolates from Japan, Denmark and Eastern Australia. Of these 
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these isolates may be from the same geographical location. It is interesting to 
note that the host plant for the Danish isolate of BYMV is Gladiolus, and not a 
legume. It is also possible that BYMV is indigenous in Australia, and that the 
high degree of similarity with the Danish isolate is coincidental. More 
Australian isolates should be sequenced, and a greater proportion of the 
genome determined in order to obtain a more detailed comparison with other 
strains of this virus. 
7 .3 Binary Vectors 
7.3.1 pPZB plasmids 
The development of pPZBexp simplified the cloning process by eliminating the 
need first to subclone genes into a plant expression vector, before cloning into a 
binary vector. A range of binary plasmids containing different configurations of 
the B YMV Nia gene were developed. Several of these plasmids are now being 
utilised by others in the lupin transformation program of the Centre for Legumes 
in Meditteranean Agriculture. Presently two species, L. angustifolius and 
L. luteus, are being transformed, but other lupin species which are in the process
of being domesticated in Western Australia, such as L. atlanticus and L. pilosus 
(Buirchell, 1994), would benefit from the introduction BYMV resistance genes 
to early breeding lines. These vectors could also be used to introduce BYMV 
resistance to susceptible lines of Vicia and Phaseolus beans, peas, lentils, 
pasture legumes, and potentially any other species which is susceptible to 
BYMV, and in which genetic transformation is possible. 
Plasmids pPZB 101 or pPZBexp could be used as vectors for the expression of 
genes other than virus resistance constructs. pPZBlOl is presently being used 
as a vector for introducing phytohormone synthesis genes into lentils (Lens 
spp) (Barton, 1996, CLIMA, pers. comm.). 
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7.3.2 Expression and promoters 
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In analysing the expression of the introduced bar gene, PAT assays showed 
that the product of this gene was expressed in all N. benthamiana plants tested, 
but that it was not expressed in any of the T. subterraneum plants tested. This 
difference in phenotype of plants containing identical bar gene cassettes is 
surprising, and may have been due to positional effects, stress experienced by 
T. subterraneum plants during the ex vitro growth stage, a chance result arising
from the relatively small number of plants tested, or it may be a function of the 
genomic background into which the T-DNA was inserted. Khan et. al., (1994) 
used a construct containing essentially the same bar gene cassette to transform 
T. subterraneum, plants and did not report bar gene inactivation. Their
constructs also contained two copies of the CaMV 35S promoter region. If 
some form of cis inactivation of the bar gene was occurring in this case, it may 
be reduced by replacing one of the two CaMV 35S promoters present in the 
constructs described here with another, non-homologous promoter. There are 
several other constitutive transcriptional promoters available, including several 
from other pararetroviruses including cassava vein mosaic virus (CVMV) 
(Verdaguer et al., 1996), rice tungro bacilliform virus (RTBV) (Bhattacharyya­
Pakrasi et al., 1993), Commelina yellow mottle virus (Co YMV) (Medberry et al., 
1992), and figwort mosaic virus (FMV) (Sanger et al., 1990). The CVMV and 
FMV promoters are constitutively active in transgenic plants, although RTBV 
and Co YMV direct phloem specific gene expression. There is also a series of 
promoters from subterranean clover stunt virus, the pPLEX series (Division of 
Plant Industries, CSIRO, Australia), some of which are presently being tested in 
our laboratory. 
Bar gene expression has been shown to be inactivated by prolonged heat stress 
(Walter et al., 1992). Although this effect has not been shown to occur ex vitro, 
it must be considered when Basta resistance is required in crop plants grown in 
regions subject to prolonged high temperatures. In Western Australian lupin 
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crops, heat inactivation of the bar gene is unlikely to occur as prolonged high 
temperatures are rare in the Winter and Spring months when lupins are grown. 
Where high temperatures are likely to occur, the related pat gene, isolated from 
Streptomyces viridochromogenes, could be substituted for the bar gene. The 
PAT product of the pat gene is more stable in high temperatures than PAT 
encoded by the bar gene (Vinnemeier et al., 1995). 
7.3.3 The Nia gene 
Some of the transgenic T. subterraneum plants generated as part of this project 
appear to be resistant to BYMV. Further testing will be done to determine the 
degree and heritability of resistance. Transgenic N. benthamiana plants are in 
the process of being tested for virus resistance. 
Many of the Nia gene constructs described in this thesis were untranslatable, 
truncated or mutated. One reason for developing these constructs was to 
minimise the chance of recombination between the viral transgene and other 
plant viruses. RNA-RNA recombination is known to be a significant factor in 
the evolution of plant RNA viruses, including potyviruses (Simon and Bujarski, 
1994 ). Evidence of possible recombination has been detected between BYMV 
isolates, including BYMV-MI (Revers et al., 1996). Recombination between 
viral transgene mRNA and RNA viruses has been shown to occur in planta. 
For example, transgenic plants expressing the 5' two thirds of the CP of 
cowpea chlorotic mottle virus (CCMV) were inoculated with a deletion mutant 
of CCMV lacking the 3' one third of the CP. Recombination occurred, 
resulting in a fully functional CP (Greene and Allison, 1994). In another case, a 
non-aphid-transmissible strain of the potyvirus ZYMV became aphid 
transmissible after it infected a transgenic plant expressing the fully-functional 
CP of another potyvirus, PPV (Lecoq et al., 1993). Others have argued that 
these cases involve mutant viruses, and the risk of recombination between a 
wild-type virus and a viral transgene is considerably less (Falk and Bruening, 
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1994). These authors estimate that the same environmental risk from virus 
recombination is present where different viruses co-infect the same host. In 
each of the defective gene constructs developed as part of this project, a 
translatable mRNA would not be available for recombination by a virus. In the 
cases where a functional Nia is expressed, it is unlikely that the transgene 
mRNA could be utilised by a heterologous virus because of the highly specific 
nature of potyvirus Nia proteases ( see Chapter 1). Providing that the 
expression of the Nia gene in transgenic plants confers adequate resistance, it 
would seem to be a relatively 'safe' gene to use for resistance against 
potyviruses. 
Another reason that untranslatable forms of the gene were constructed was to 
determine if resistance was occuring at the mRN A or protein level. If resistance 
is occurring at the mRNA level there is no need to provide an in-frame 
translation start codon. Some transgenic N. benthamiana plants expressing the 
CP of peanut stripe potyvirus (PStV) without an ATG translation start codon 
were resistant to PStV (Cassidy and Nelson, 1995). If an in-frame ATG is not 
important, then costly and time consuming sequence analysis of junctions to 
determine the reading frame is unnecessary. Elimination of this step would 
hasten development of new binary vectors. 
7.3 4 Agrobacterium 
A number of false-positive PCR assays on T. subterraneum plants indicated that 
persisting transgenic A. tumefaciens present on the plants may have been 
contaminating samples. A soil assay for A. tumefaciens was developed as it was 
considered that if cells were present on the leaf tissue, they would be washed 
into the soil during watering. This test failed to detect A. tumefaciens, even 
from around plants only one month ex vitro, indicating that leaf tests should 
also be developed. A. tumefaciens has been shown to persist and spread within 
the vascular system of grapevine (Lehoczky, 1971). Although this test failed to 
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detect persisting A. tumefaciens, sensitive assays, possibly based on a 
combination of selective plating and PCR, should be developed prior to field 
trials. Persisting A. tumefaciens carry the risk of introducing transgenes to other 
species of plants and bacteria. Although it can exist intracellularly, there is no 
evidence that A. tumefaciens is seed borne (Escudero et al., 1995). This allows 
the opportunity to eliminate any persisting A. tumefaciens by physically 
separati_ng the primary transformants (TO generation) from subsequent 
generations. 
7.3.5 Further considerations in designing binary vectors 
i) Establishing more control over T-DNA copy number and expression
Present methods of plant transformation exert little or no control over the site of 
transgene integration, the copy number, or the level of expression. Screening of 
a large number of transformants may be required to select plants exhibiting the 
desired phenotype. In current systems for plant transformation for virus 
resistance, two conditions must be met. One is stable expression of a selectable 
gene to identify transformants, and the other is the induction of some form of 
virus genome targetting mechanism for virus resistance. There is considerable 
evidence that introduction of multiple copies of a gene can lead to inactivation 
of the transgenes (see Chapter 1). This evidence indicates that integration into 
the host genome of a single copy of the selectable marker gene would result in 
more stable expression than integration of multiple copies. However, multiple 
copies of the virus resistance genes appears to induce a higher degree of 
resistance than one or two copies (Goodwin et. al., (1996). Therefore, 
independent integration the viral gene and the selective marker gene would be 
an advantage. This could be achieved by transformation with a binary plasmid 
containing several copies of the virus resistance gene and one copy of the 
selective marker gene within the T-region, then selecting for plants with a single 
insertion. Alternatively, two binary plasmids could be used, either within the 
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same bacterial cell, or in different cells, and the explants co-transformed or super 
transformed with each T-DNA. Each plasmid should have a different non­
complementary antibiotic resistance gene in order to maintain both in 
A. tumefaciens. Another method would be to utilise two T-regions within a
binary vector, one containing the selective marker, and the other with the virus 
resistance gene(s ). 
Another possible advantage of independent integration of the viral gene and 
the selective marker gene is that it would allow the removal of the selective 
marker gene by segregation if desired. This would be possible only if the 
selective marker gene was not closely linked to the viral cDNA gene. This may 
be necessary if there are concerns about possible environmental or health risks 
posed by the selectable gene product. 
Another way of obtaining more control over expression of transgenes is to 
flank the genes of interest in the T-DNA with scaffold attachment regions 
(SARs), also known as matrix attachment regions (MARs). SARs are AT-rich 
regions that are thought to bind chromosomal DNA to the proteinaceous 
nuclear scaffold. The attachment of SARs isolated from a tobacco genomic 
DNA clone containing the RB7 gene to either end of the T-DNA has been 
shown to increase expression of the GUS reporter gene in transgenic plants by 
up to 140 times (Allen et al., 1996). Low copy number of transgene generally 
produced higher expression of the transgene. These authors propose that SARs 
have an effect by somehow minimising the effects of transgene silencing due to 
multiple copy number. This effect was most clearly apparent in plants 
transformed by particle bombardment. 
ii) Legal aspects
There is an estimated annual expenditure of US$11x1Q9 on research into 
biotechnology worldwide (Raman and Altman, 1994 ), with about 70% in the 
private sector. Patents on novel products and techniques are one way of 
211 
ensuring recognition and financial reward for this considerable expenditure into 
research and development. Patent searches must be undertaken before 
investing in research that may already be subject to patent protection. Also, the 
patent status of promoter sequences and selective marker genes must be 
determined before -release of transgenic plants, and appropriate royalties 
determined. The patent rights of the 35S-bar-ocs3' cassette used in this project 
are owned by AgrEvo, and the rights to the 35S-CMV5 '-CaMV3' cassette are 
owned by Upjohn Corporation. Other patented cassettes which are frequently 
used in plant transformation projects include: nos-nptll�nos3' (Lubrizol, 
Monsanto), 35S-nptll-nos3' (Monsanto), and 35S-nptll-ocs3' (Monsanto). As 
most transgenic plants contain genes for crop improvment, such as pest and 
disease resistance, or nutritional factors, the cost of royalties should be 
considerably less than ·savings or increased income due to the benefits of the 
novel gene(s). Patents may apply only to specific countries. An example of this 
is defective replicase-mediated resistance to CMV (Zaitlin, Cornell University, 
USA), which is patented in the USA, but not in Australia. Patents have a limited 
life, after which royalties are not required. 
When novel genes or strategies are developed, applications for patent 
protection must be considered. To this end, detailed accounts of laboratory 
procedures, including dates, must be maintained as proof of originality should 
disputes with other research groups arise. 
7 .4 Future work 
Future work should focus on (i) testing all the binary plasmids developed here 
in transgenic plants, and (ii) determining the heritability and stability of virus 
resistance and PPT tolerance in plants transformed with these plasmids. Future 
tests will determine if the resistance conferred by expression of the Nia gene in 
T. subterraneum will be seen in Lupinus spp. To understand more about
pathogen-derived resistance, other BYMV isolates, and related and unrelated 
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viruses should be used to challenge these transgenic plants. Long term 
expression of the viral resistance phenotype must be seen as of considerable 
importance. Viruses, especially plus sense RNA viruses such as potyviruses, 
have the potential to mutate extremely rapidly because their RNA polymerases 
lack inherent 'proof reading' ability, and because of homologous and 
heterologous recombination (Greene and Allison, 1994). Researchers should be 
aware of this potential and develop other constructs and strategies so that 
should viral resistance be overcome, novel constructs can take the place of 
obselete ones. Future vectors might contain different configurations of the 
same virus gene, they might contain more than one viral gene, or they might 
contain viral genes from more than one source. Other, non-viral resistance 
genes such as those described in Chapter 1 should be trialed to provide a wide 
genetic base on which virus resistance is dependent. The need for constant 
'upgrading' of viral resistance means that the efficiency of methods for 
introducing transgenes into plants must be improved. 
The procedure for field testing of selected BYMV resistant lines is in place 
through CLIMA. The Genetic Manipulation Advisory Council (GMAC) has 
already been obtained for field testing of Basta resistant lupins developed by 
CLIMA. 
7 .5 Conclusions 
In conclusion, the major aims of this project have been fulfilled. A range of 
binary plasmids harbouring BYMV and herbicide resistance genes have been 
developed and are available for incorporation into the genomes of cultivated 
lupins, and other species as required. In addition, the binary vector pPZBexp is 
available to develop resistance genes from other regions of the virus genome, 
and from other viruses. Further analysis of future generations of the transgenic 
plants generated from this project plants may assist in understanding the 
mechanisms of virus resistance and other aspects of gene silencing. The results 
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of this research provide a basis for improved B YMV protection in susceptible 













Fig 4.29. Nucleotide sequence obtained from a dyedeox y terminator reaction to 
determine the junctions of the Nia gene ligated in a sense orientation into the Ncol site of 
pPZBNia. (A) Primer Exp! was used to determine that the 5' end of the gene was in­
frame with the ATG translation-initiation codon (underlined) contained within the Ncol 
cloning site. The first nucleotide of the Nia gene is preceded by an asterisk. (B) The 3' 
junction was determined with primer Exp2. The last nucleotide of the Nia gene is 
followed by an asterisk. The Ncol cloning site is underlined. In both cases the virus­
sense strand is shown. The dotted line indicates the direction which the Nia gene 










Fig 4.30. Nucleotide sequence obtained from a dyedeoxy terminator reaction to 
determine the junctions of the untranslatable Nia gene ligated in a sense orientation in the 
Ncol site ofpPZBNiaUT. (A) Primer Exp! was used to determine that the 5' end of the 
gene was in-frame with the ATG translation-initiation codon (underlined) contained 
within the Ncol cloning site. The translation termination codon (TGA) is in bold type 
and underlined. The first nucleotide of the Nia gene is preceded by an asterisk. ( B) The 
3 'junction was determined with primer Exp 2. The last nucleotide of the Nia gene is 
followed by an asterisk. The Ncol cloning site is underlined. In both cases the virus­
sense strand is shown. The dotted line indicates the direction which the Nia gene 











AACAAAACAGAAGTTGGGGTTCAGAGACGCGAGAGACATGAAGA ....... . 
Fig 4.31. Nucleotide sequence obtained from a dyedeoxy terminator reaction to 
determine the junctions of the Nia gene ligated in an antisense orientation into the Ncol 
site of pPZBexp to yield pPZBNia-anti. (A) Primer Exp! was used to determine the 5'
end of the antisense gene. The first nucleotide of the antisense Nia gene is followed by 
an asterisk. (B) The 3' junction of the gene was determined with primer Exp2. The last 
nucleotide of the antisense Nia gene is preceeded by an asterisk. The Ncol cloning site 
is underlined. In both cases the·virus-sense strand is shown. The dotted line indicates 
the direction which the Nia gene proceeds. The vector sequences (5'UTR in 'A', and 










Fig 4.32. Nucleotide sequence obtained from a dyedeoxy terminator reaction to 
detennine the junctions of the untranslatable Nia gene ligated in the antisense orientation 
in the Ncol site of pPZBNiaUT-anti. (A) Primer Exp! was used to determine the 5' end 
of the antisense gene. The first nucleotide of the antisense Nia gene is followed by an 
asterisk. (B) The 3' junction of the gene was determined with primer Exp2. The last 
nucleotide of the antisense Nia gene is preceeded by an asterisk. The Ncol cloning site 
is underlined. In both cases the virus-sense strand is shown. The dotted line indicates 
the direction which the Nia gene proceeds. The translation termination codon (TGA) is 
in bold type and underlined, although this codon is not active in antisense 1orientation. 
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TCTTTTGTGTCGTAGAATTGAGTCGAGTCAACCATGGATTGA*AGTCTCAGT 




Fig 4.39. Sequence data from the cloning site of the protease domain in pPZBProtUT. 
(A) Data from the 5' end of the viral cDNA shows the translation initiation codon
(underlined), and the translation stop signal (bold type) in pPZBProtUT. The first
nucleotide of the viral cDNA is preceeded by an asterisk. (B) The 3' Ncol cloning
junction is underlined. The last nucleotide of the viral cDNA is followed by an asterisk.








TAAAATAGGAGGTTTACGTGATTACAATCCAATAG .............. . 
Fig 4.40. Nucleotide sequence obtained from a dyedeoxy terminator reaction to 
determine the junctions of the VPg domain ligated in an antisense orientation into the 
Ncol site of pPZBexp to yield pPZBProtUT-anti. (A) Primer Exp/ was used to 
determine the 5' end of the antisense gene. The first nucleotide of the antisense gene is 
fallowed by an asterisk. ( B) The 3' junction of the gene was determined with primer 
Exp2. The last nucleotide of the antisense protease is preceeded by an asterisk. The 
Ncol cloning site is underlined. In both cases the virus-sense strand is shown. The 
dotted line indicates the direction in which the protease proceeds. The vector sequences 
(5'UTR in 'A', and 3'UTR in 'B') are shown in italics. 
217 
- - ------ - -- -- � -_-- __ -_
_









Fig 4.41. Sequence data from the cloning site of the VPg domain in pPZBVPg. (A) 
Data from the 5' end of the viral cDNA shows the translation initiation codon 
(underlined). The first nucleotide of the viral cDNA is preceeded by an asterisk. (B) 
The 3' Ncol cloning junction is underlined. The last nucleotide of the viral cDNA is 








AACAAAACAGAAGTTGGGGTT .............. . 
Fig 4.42. Nucleotide sequence obtained from a dyedeoxy terminator reaction to 
determine the junctions of the VPg domain ligated in an antisense orientation into the 
Ncol site of pPZBexp to yield pPZBVPg-anti. (A) Primer Exp! was used to determine 
the 5' end of the antisense gene. The.first nucleotide of the antisense VPg is followed by 
an asterisk. (B) The 3'junction of the gene was determined with primer Exp2. The last 
nucleotide of the antisense VPg is preceeded by an asterisk. The Ncol cloning site is 
underlined. In both cases the virus-sense strand is shown. The dotted line indicates the 
direction in which the VPg proceeds. The vector sequences (5'UTR in 'A', and 3'UTR 
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TCTTTTGTGTCGTAGAATTGAGTCGAGTCAACCATGGATTGA*GGCAAGAAC 




Fig 4.43. Sequence datafrom the cloning site of the VPg domain in pPZBVPgUT. 
(A) Data from the 5' end of the viral cDNA shows the translation initiation codon
(underlined) and the translation termination codon (underlined in bold face). The first
nucleotide of the viral cDNA is preceeded by an asterisk. (B) The 3' Ncol cloning
junction is underlined. The last nucleotide of the viral cDNA is followed by an asterisk.








CAAGAGAACAAAACAGAAGTTGGGGTT .............. . 
Fig 4.44. Nucleotide sequence obtained from a dyedeoxy terminator reaction to 
determine the junctions of the VPg domain ligated in an antisense orientation into the 
Ncol site of pPZBexp to yield pPZBVPgUT-anti. (A) Primer Exp/ was used to 
determine the 5' end of the antisense gene. The first nucleotide of the antisense VPg is 
followed by an asterisk. (B) The 3' junction of the gene was determined with primer 
Exp 2. The last nucleotide of the antisense VPg is preceeded by an asterisk. The Ncol 
cloning site is underlined. In both cases the virus-sense strand is shown. The dotted 
line indicates the direction in which the VPg proceeds. The vector sequences ( 5 'UTR in 
'A', and 3'UTR in 'B') are shown in italics. 
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